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PREFACE 

In his instructional work the author has to deal with students 
of limited mathematical training. To meet the needs of this 
work this text has been prepared. Although it was thought in- 
advisable to omit mathematics entirely, only the more elementary 
principles used are, and these merely to make clearer the 
quantitative relations of the physical quantities involved in the 
theory of direct-current machines. In connection with the lim- 
ited use of mathematics, an attempt has been made to explain 
the principles involved so fully that a reader unable to follow 
the mathematical solution, may still acquire some understanding 
of the subject. Whether this result has been attained, the reader 
will have to be the judge. 

The author wishes to express his appreciation of the unfaiUng 
courtesy of manufacturers of direct-current machines in answer- 
ing questions and furnishing material for illustrations. No apol- 
ogy is made for the use of cuts of actual machines and parts 
where these illustrate the principles and practice under discussion 
as well or better than hne drawings. 

Thanks are due Mr. H. E. Kranz for reading the manuscript 
and for checking the illustrative problems, and also to Mr. 
Fred R. Jenkins, Chairman N. E. L. A. Committee on Education 
of Salesmen, for reading the manuscript. 

No problems or questions are included in the text, for these 
are furnished to students separately. 

C. M. J. 

Univbbsity op Wisconsin 

November 6, 1917. 
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THEORY AND OPERATION OF 
DIRECT-CURRENT MACHINERY 

CHAPTER I 

FUNDAMENTAL MAGNETIC PRINCIPLES 

1. Introduction. — The use of electricity in industries and in 
homes has increased so rapidly within recent years that, contrary 
to precedent, there was no separate electrical exhibit at the 
Panama-Pacific International Exposition. The use of elec- 
tricity has so permeated the industries that it was not considered 
advisable to have electrical apparatus and machinery set oflf by 
themselves as something apart from other industrial appUances. 
In fact, instead of having a Palace of Electricity the whole 
Exposition at San Francisco could properly have been considered 
as a vast electrical display. 

Electrical energy is used not only to operate the mills, shops, 
and factories, but also to cook, wash, sweep, and to perform many 
other domestic duties as well as to heat, light, and cool the 
house. 

This extensive use of electricity in industrial and domestic 
operations makes it highly desirable that not only professional 
engineers have a thorough knowledge of electrical machinery, 
but that the layman in electrical matters shall also have a knowl- 
edge of the elementary principles and characteristics of electrical 
apparatus. 

The history of the development of electrical apparatus and 
its use is very interesting. Suffice it to say, however, that this 
wonderful development has all been made possible by the in- 
vestigations of Oersted, Ampere, Arago, Faraday, Henry and 
others in the field of electromagnetism. It was the invention 
of the electromagnet that has resulted in the immensely varied 
applications of electricity to the industries, to the transmission 
of intelligence, and which has produced such remarkable bene- 
fits to society. The subjects of magnetism and electromag- 
netism are thus fundamental in the study of electrical apparatus 
and machinery. 

1 



2. Magnetism. — The essential nature of the property called 
magnetism is unknown,' We only know that under certain 
conditions a piece of iron, or steel, acquirea the property of 
attracting other pieces of iron by a force which is many times as 
great as the force of attraction between the two pieces due to 
gravity, and also that there is a reaction between this property 
and a like property of the earth which tends to cause the piece 



of iron to assume a definite position with reference to the earth's 
oneridian, that is, a north and south line. 

By magnetism is tkiis meant the property a body has of attracting 
iron with a force which is neither gramtation nor due to mechanical 
action of ordinary matter, and which will tend to set the body in a 
north and south direction. 

This definition clearly does not tell us much about magnetism ; it 

merely enables us to distinguish between magnetic forces and other 

forces. We thus recognize a magnet by its action. The fact 

that some substances possess this property has been known for 

centuries. An iron ore which was first 

found in Magnesia was first observed 

to possess this property, and from this 

the word magnet was undoubtedly de- 

Piji 2 rived. This iron ore, commonly called 

lodestone, which means attracting stone, 

has no industrial use based on its attracting property. 

3. Magnets. — A body possessing the property of magnetism 
is called a magnet. The only substance of which commercial 
magnets are made is iron in some of its forms, although there are 
other substances that can be magnetized. To this class belong 
nickel, cobalt, manganese, and an interesting alloy named after 
its inventor "Heusler's alloy." This is an alloy of copper, 
manganese, and aluminum. Recently several other such alloys, 
all contEiining either manganese or chromium, have been found 
to possess magnetic properties. 

Magnets are made in many different forms. The two common 
forms of permanent magnets are the bar, Fig, 1, and the horse- 
shoe. Fig, 2, 
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4. Permanent and Temporary Magnets. — Before the discovery 
of the relation between magnetiBm and an electric current, 
magnets were made by stroking the lodestone with a piece of 
iron. When the lodestone was touched with a piece of iron the 
iron itself acquired the property of attracting other pieces of 
iron, or, as we now say, became magnetized. The time during 
which this property of attraction was retained depended upon 
the quahty of the iron. If, upon removal from contact with the 
lodestone, the iron lost most of 
its magnetism, it was called a 
temportay magnet. A piece of 
steel which was hardened before 
magnetizing retained its mag- 
netic properties indefinitely and 
accordingly was called a perma- 
nent magnet. 

M^nets are now made either by stroking a permanent magnet 
in one direction by the piece of steel to be magnetized, Fig. 3, or 
by passing electric currents about the steel bar in a manner to 
be described later. 

5. Magnet Poles. — The property of attracting iron, or the 
magnetism as it is called, is not uniformly distributed over the 
entire surface of a bar magnet, but it is concentrated at certain 
parts, usually the ends. These parts are called poles of the 
magnet. Fig. 4. When a bar magnet is suspended so as to swing 




Fio. 3 




freely in a horizontal plane, it will be found that one end points 
in a northerly and the other end in a southerly direction, depend- 
ing upon its position with reference to the earth. The end that 
points north is called the north-seeking, north, or positive pole, 
while the end that points south is called the south-seeking, south, 
or negative pole. Fig. 5. When two south-seeking poles, or two 
Dorth-seeking poles of two magnets are brought near each other, 
the magnets tend to separate. When a nerth-seeking pole of 
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one magnet and a south-seeking pole of another magnet are 
brought near each other they attract. These facts are expressed 
by saying, like magnet poles repd and unlike magnet poles attract 
each other. 

6. Unit Magnet Pole. — It is ph3rBically impossible to magnetize 
a piece of iron so as to produce only one pole. Neither is it 
possible to have all the magnetism concentrated at one point. 
Two long slim rods magnetized so that the polarity is confined to 

the ends may be used experiment- 
ally to determine the force between 
magnet poles. 

For purposes of mathematical 
anal3rBis it is convenient to consider 
the magnetism to be concentrated at 
a point. A unit magnet pole is then 
defined as a point pole which repels an 
equd point pole xjoith a force of 1 dyne 
at a distance of 1 centimeter in a 
vacuum^ A dyne wUl be defined 
later. 

When slim magnetized rods are 
used to determine experimentally the 
force between two poles, it is found 
that the force can be expressed by 




Fio. 5. 



mm , 



Where m and m' are the pole strengths expressed in terms of unit 
magnet poles as defined above, d is the distance in centimeters 
between the poles, and ^ is a quantity depending upon the 
medium in which the poles are immersed. If the experiment is 
performed in a vacuum, m = 1- This quantity m is termed the 
permeability of the medium. The importance of this quantity 
will be explained more fully later. 

7. Properties of Space Around a Magnet — Although magnetic 
phenomena are associated with iron in some of its forms, it .is 
not the iron as such that is of primary importance. The space 
surrounding the magnetized iron possesses important properties. 
If a sheet of paper be placed on a bar magnet and some iron 
filings be sifted upon the paper while in this position, it will be 
found that the iron filings, when the paper is tapped, arrange 
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themselvea in curved lines as shown io Fig. 6. This clearly 
shows that the space around the bar magnet influences the iron 
filing. In fact, the iron filings become small magnets. The 
space or region which is capable of inducing magnetism in iron 
or other magnetic substances is called a magnetic field. The 
region or space around a bar magnet is thus a magnetic field, 
and its existence is made manifest by its influence on the iron 
filings. This representation of the magnetic field is only in one 
plane; that is, in the plane of the paper which is laid on the bar 
magnet. A similar design will be obtained if the bar magnet is 
turned on edge, or in any position parallel to its length. This 
shows that the magnetic field completely surrounds the bar mag- 
net and is inseparably associated with it. 




8. Unit Magnetic Field. — Just as the strength of a magnetic 
pole is measured by the force it exerts on a unit magnet pole, the 
strength of a magnetic field is defined in terms of the force it will 
exert upon a unit magnet pole. If a small compass be placed 
on the paper above the bar magnet, the magnetic needle will lie 
parallel or be tangent to the lines as shown in Fig. 7. The north 
pole of the compass needle is pulled in one direction and the south 
pole in the opposite direction. The magnetic field thus exerts 
a force upon the magnetic needle. If it were possible to isolate 
a north pole and place it on the paper it would, if free, move from 
the north pole of the bar magnet toward the south pole. The 
force that a magnetic field is capable of exerting upon a magnet 
pole, is used to define the field strength, a unit field being defined 
as follows: 

A magnetic field of unit strength is one which is capable of exert- 
ing a force of 1 dyne upon a unit magnet pole. The unit of mag- 
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netic field strength or intensity is called the gauaa after the famous 
German physicist and mathematician. 

9. Conventioiial Representation of a Magnetic Field.— Since 
the iron filings are arranged in lines or rows, it is customary to 
speak of the magnetic field as consisting, or being composed, of 
hnes, and the strength of field is then represented by the number 
of lines per square centimeter or per square inch, in a plane at 
right angles to these lines. A field of unit strength is then repre- 
sented by 1 line per square centimeter, and a field of 10 units 
by 10 hnes, etc. The student must remember, however, that 
this is merely a method of representing a magnetic field. The 
magnetic field occupies or permeates all of the space near and 
around a bar magnet. Usually the field is not of uniform strength 





at every point, but there is no point in the space around the 
magnet entirely free from a magnetic field. The ether surround- 
ing a bar magnet is not fibrous like a muscle; the system of lines 
is used merely for convenience in making calculations, and for 
the development of the electromagnetic theory. The magnetic 
hnes are assumed to leave the north and to reenter the south 
pole of a magnet. The positive direction along the lines is from 
the north pole to the south pole, and this is said to be the 
direction of the field. This is indicated by arrow heads in F^. 7. 
As the hnes are curved, at any point in space the direction of the 
magnetic field will be the same as that of a geometrical hne tan- 
gent to a magnetic line passing through the point. 



FUNDAMENTAL MAGNETIC PRINCIPLES 7 

A magnetic field is said to be uniform if at every point it has 
the same direction and intensity, Fig. 8. It is very evident from 
Fig. 6 that the magnetic field around a bar magnet is not uniform. 
The two important characteristics of a magnetic field are direc- 
tion and intensity, or strength. As has already been pointed out, 
the strength of a magnetic field is measured by the force it is 
capable of exerting on a unit magnet pole. If a pole of strength 
m is placed in a magnetic field of strength Hj the force exerted 
by the field on the pole, or rather the reaction between the two, 
is expressed by 

F = mH. 

There are different ways of experimentally determining m and H, 
These are explained in laboratory manuals.^ 



Fig. 8. 

10. Number of Magnetic Lines Issuing from a Unit Magnet 
Pole. — Assume a unit magnet pole to be placed at the center of a 
sphere of 1 centimeter radius. Fig. 9. If an equal and like pole 
be placed anywhere on the surface of the sphere, it will be repelled 
by a force of 1 dyne. Thus, through every square centimeter 
of surface one magnetic line must issue. As the area of the sur- 
face is 47r square centimeters, it follows that 47r magnetic lines 
xnust issue from a unit magnet pole. 

11. Magnetic Field between Magnet Poles. — Experiment 
shows that when like poles of two bar magnets are brought near 
each other, the magnets repel each other. The reaction be- 
twe,en the magnetic fields near two like poles is well shown in 
Fig. lb. It is evident that the two magnetic fields push against 
each other, that is, there is a repulsion between them. On the 
other hand, when two unlike poles are brought near each other 
the fields coalesce or combine. The tension along the lines then 
tends to draw the poles together. This is shown in Fig. 11. 

As the permeability of iron is quite high, a piece of iron placed 

^ See Smith's "Electrical Measurements." 
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in a ma^Detic 6eld provides an eaaer path for the paasBge of 
die nagnetic lines than the air. Tbe magnetic fines wiD be 
crowded t<^etl]er witbin the iron, and the maf^netic field in the 
vicinity of the iron will be distorted. Hue is ^town by Fig. 12. 
This ehowE that iron offers lese resistance to the passage ot mag- 
netic Unes than does air, or that it is more pameaUe. It is 
this property which has given the quantity designated by ft its 
name. Substances whose permeability is greater than that of 
air are called paramagnetic, or merely magnetic. The magnetic 
lines, sometimes called lines of induction, are dosed corves. 
Fig. 6 shows that they proceed from the oorth-fieeking pcde 
through space and reenter the iron bar at the south-seeking pole. 




The lines of induction do not terminate at the poles, but are con- 
tinuous throughout the iron. This is indicated in Fig, 7. The 
magnet proper may be considered as being composed of these 
Unes. The north pole of the magnet is located at the surface 
where the lines emerge Eind the south pole where they enter. 

The results of experiments su^ested by Fig. 10 shows that a 
force of repulsion exists at right angles to the magnetic lines, 
niien unlike poles are brought near each other as shown in 
F^. 11, a force of attraction is manifest, or the magnetic lines 
have a tendency to contract. This is an important property of 
a magnetic field. 
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12. Magnetic Flux and Flux Density. — If at any point in a 
magnetic field, a plane be drawn at right angles to the direction 
of the magnetic lines the total number of lines cut by the plane 
is called the total flux of magnetic induction, or simply the mag- 
netic flux. The total number of lines passing through 1 square 





I 

r 
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centimeter of the plane is the flux density at that point. When 
the magnetic field is uniform the flux density will be the same at 
any point in the plane. Under such conditions the total flux 
is given by 




I 



where # represents the total flux, 

B represents the flux density, 
and A the area of the plane across which the flux passes. 

When the field is not uniform, the flux density at difi'erent points 
will not be uniform. If the law of variation in the flux density 
is known, the total flux may be in many instances calculated^by 
integral calculus. 
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13. Effect of Heat on a Magnet. — According to the molecular 
theory of magnetism, the development of magnetism is explained 
on the assmnption that the particles of iron are turned under the 
influence of the magnetizing field. The iron molecules them- 
selves become for the time being magnets, or magnetism is 
induced in the iron. At red heat, iron loses its magnetic quality. 
This means not only that a magnet may be demagnetized by 
being heated to about 800°C., but also that iron, when heated 
to this temperature, is no longer capable of being attracted by 
a magnet. On cooling, however, the iron regains its magnetic 
quality at a somewhat lower temperature. 

According to the kinetic theory of matter all molecules are 
supposed to be in motion. This motion is greatly increased by 
heat; hence, heating a magnet will cause the molecules to move 
so rapidly that they can not be kept ''lined up" by the influence 
of the magnetic field. 

Recapitulation 

1. Magnetism is that property a body has of attracting iron which is 
neither gravitation nor due to mechanical action of ordinary matter, and 
which will tend to set the body in a north and south direction. • 

2. Magnets are bodies possessing the property of magnetism. Perma- 
nent magnets are usually made of hardened steel and retain their magnetism 
indefinitely. Temporary magnets are usually made of soft iron. They 
retain their magnetism only so long as the magnetizing influence is present. 

3. The poles of a magnet are the points or surfaces on which the magnetism 
is manifest. 

4. The laws of magnetic attraction and repulsion are: (a) Like poles repel 
and unlike poles attract each other; (6) the forces of attraction or repulsion 
are directly proportional to the product of the pole strengths and inversely 
to the product of the permeability by the square of the distance between 
them. 

6. The strength of a magnet pole is measured by the force the magnet pole 
exerts upon a unit magnet pole. Unit pole strength or a unit pole is that 
pole strength which repels an equal and like pole at a distance of 1 centimeter 
in a vacuum (or air) with a force of 1 dyne. There are 4ir magnetic lines 
emanating from a unit magnet pole. 

6. A magnetic field is the region or space about a magnet which is per- 
meated by a magnetic influence. 

7. A unit magnetic field is one which is capable of exerting a force of 1 dyne 
on a unit magnet pole. 

8. The strength of a magnetic field is usually represented graphically by the 
number of lines per square centimeter in a plane at right angles to direction 
of the field. 

9. The fiux density is the number of magnetic lines in a square centimeter 
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of a plane i)erpendicular to the direction of the magnetic field. It is repre- 
sented by the letter B. 

10. The total flux is the total number of magnetic lines in a magnetic field. 
It is represented by the symbol *. For a uniform magnetic field * = BA, 

11. When heated, iron loses its property of magnetism and ceases to be 
magnetic at about 800°C. 



CHAPTER II 

ELECTR0MA6NETISM 

14. Magnetic Field Around a Current-carrying Wire. — When 
a current-carrying wire is placed either above, or below, and parallel 
to a magnetic needle, the needle will be deflected from its normal 
position. This fact was first observed by Oersted. Ampere 
explamed this phenomenon by saying that a current-bearing 
wire is surrounded by a magnetic field, and that the interaction 
of this field with the magnetic field of the compass needle caused 
the latter to be deflected. The direction of the magnetic lines 
around a wire can be shown by passing a wire vertically through 
a horizontal sheet of paper and while the current is passing, 
sprinkling iron filings on the paper. When this is done the iron 
filings will arrange themselves as shown in Fig. 13. The black 
spot in the center is the cross-section of the wire. 

Trtie direction of deflection of a magnetic needle when in the 
vicinity of a current-carrying wire is determined by the relative 
position of the two and the direction of current flow. This shows 
that the magnetic lines around the wire have definite directions. 
Fig. 13 shows that the magnetic lines are circles having their 
centers coincident with that of the wire. It is found that when 
the wire is held above and parallel to the magnetic needle, the 
north-seeking pole of the needle is deflected to the west when the 
current is flowing north, and when the direction of current is 
reversed the north-seeking end is deflected toward the east. 
Thus the lines have an opposite effect when the current is reversed. 
This is explained by saying that the direction of the lines of 
the magnetic field is determined by the direction of the current 
producing them. The relative direction of current and magnetic 
lines is conventionally assumed to be in a clockwise direction 
when viewed along the wire in the direction of current flow. 
This is in harmony with the assumed direction of the magnetic 
lines around a magnet. 

Many rules have been given for remembering the relative 
direction of current flow and resulting magnetic lines, the fol- 

12 
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lowing is, however, as simple as any: Grasp the wire with the 
right hand with the thumb extended along the wire in the direction 
of ctarent fiow; the fingers will then point in the direction of the 
magnetic linea encircling the wire. This rule is illustrated by 
Fig. 14. 

IS. Solenoid. — A helical coil of insulated wire is called a 
solenoid. When a current of electricity flows through the con- 
volutions of a Bolenoid, the sole- 
noid has many of the properties 
of a bar magnet. The two ends 

are of different polarity and if f\ j ^_J y-\ 

the solenoid be suspended so as """Z-^Ji^^pm-ti— 
to swing freely with its axis in ^ ^ 

a horizontal plane it will as- -^ i n 

sume a position in the magnetic I ' 

meridian. l\ ■' 

Since the direction of the mag- ^<'- '*■ 

netic linea around a current- 
carrying wire is determined by the direction of current flow it is 
evident that when the wire is coiled, the magnetic lines must 
enter at one end and leave at the other end of the solenoid. This 
is shown in Fig. 15. It will be noticed that all of the Unes do 
not go the full length of the coil, but that many pass out between 




the convolutions. The magnetic field is not uniform throughout 
the length of the solenoid, but grows weaker from the center 
toward the ends. The end from which the linea emerge is 
the north-aeeking pole, while the other end is the south-seeking 
pole. The polarity of the solenoid can readily be determined bj' 
the rule for determining the direction of the magnetic lines about 
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a straight conductor. For, if one of the convolutione or turns of 
wire be grasped by the right hand, bs directed in the rule, the 
fingers extending along the axis of the solenoid will point toward 
the north-seeking pole of the solenoid ; or grasp the solenoid with 
the right hand with the fingers curved around the solenoid in the 
direction of current flow, the extended thumb will then point 
toward the north-seeking pole. The same relation can, how- 
ever, be expressed as follows: // on observer face otic end of a 
eolenmd and the current flows in a counter-clockwise direction, the 
north-seeking pole of the solenoid is nearer the observer. If the 
current flows in a clockwise direction, the soxUk-seehing pole is 
nearer the observer. Solenoids and coils are of great importance 
in all electrical machinery. 

16. Strength of the Magnetic Field Around a Current -carrying 
Wire. — The magnetic field around a straight current-carrying 
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wire is composed of concentric lines wrapped around the wire. 
The strength of the field at any point will then be represented by 
the number of lines per square centimeter of a plane containing 
the wire. Fig. 16. The density, or number of lines per square 
centimeter, decreases from the wire outward. Experiments, as 
well as theory, show that the strength at a point in space of a 
magnetic field due to a current depends directly upon the current 
strength and inversely upon the distance of the point from the 
wire. In algebraic symbols, if H represents the field strength 
at the point P, I the current in absolute units, and d the dis- 
tance of the point from the current-carr3dng wire, then, 






ELECTROMAGNETISM 



15 



17. Reaction between Current-carrying Wires. — When two 
current-bearing wires are brought near each other, they will be 
either attracted or repelled if parallel, and if not parallel, will tend 
to become parallel. The force of attraction or repulsion is due 
to the interaction of the magnetic fields around the wires. The 
manner in which such a force develops will be readily understood 
from Figs. 17 and 18. When the two wires are parallel and the 
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current flows in the same direction, the magnetic lines will 
coalesce and encircle both wires. The tension along the magnetic 
lines will then tend to draw the wires together. This is repre- 
sented by Fig. 17. 

When the currents flow in opposite directions, the magnetic 
lines can not combine as they are oppositely directed. The 




f^» 2n clones 



Fig. 19. 

reaction between the fields will push the wires farther apart. 
These conditions are represented by Fig. 18. The force of attrac- 
tion or repulsion is proportional to the product of the currents 
in the two conductors so long as the conductors maintain the 
same relative position. 

18. Magnetic Field at the Center of an Annular Coil. — When a 
wire along which an electric current is flowing is bent into a ring, 
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all of the magnetic lines due to the current will pass through the 
ring, Fig. 19. The definition of the electromagnetic unit of 
current is based on this fact. The absolute ampere is defined as 
the current which will exert a force of 27r dynes upon a unit 
magnet pole placed at the center of a circular coil of 1 turn of 
wire, of 1 centimeter radius, of which the current-carrying wire 

.«« . „ is the circumference. The mag- 

netic-field strength, which is 
measured by the force exerted on 
a unit magnet pole, produced by 
a unit current at the center of a 
circular coil of 1 centimeter radius, 
is 27riV, where N is the number of 
turns on the coil. As the strength 
of the magnetic field varies di- 
rectly as the current and inver- 
sely as the radius, the magnetic- 
field strength at the center of an 
annular coil. Fig. 20, must be 

„ 2tNI 

n = gausses, 

where N is the number of turns 
on the coil, 
I is the current in absolute 
units, 
and r is the mean radius of the 

coil in centimeters. 
An ampere is one-tenth of the ab- 
solute unit of current. 
19. Force Exerted by a Magnetic Field upon a Current- 
carrying Wire. — The operation of electric motors is due to the^ 
interactions between the magnetic field associated with a magnet 
and that of a current-carrying wire. A knowledge of thevajue 
and direction of this force is thus important. It has just |>een 
shown that the force exerted by a current flowing in a circular 

coil of one turn on a imit pole at its center is — dynes. This 

force is at right angles to the plane of the coil. As action is 
equal to reaction, it is evident that the force on the coil must be 
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equal and opposite. This force is due to the flux at the wire. 
The flux density at the wire must be equal to the total flux issu- 
ing from a unit magnet pole (47r) divided by the area of the surface 
of the sphere r centimeters radius. This is 4^rr^. Hence 

B at the wire is — t — j ^ 1 ^i^^^ per square centimeter. 
The force F = — dynes, 



and 

F 2tI 



X r2 = 2TrI 



B r 

= circumference of circle times the 
current. 

Then F = BlI dynes, where I = 2nr or the length 
of wire in the magnetic field. 

20. Electromagnets. — A current-bearing solenoid has the 
properties of a bar magnet. It would, however, require enor- 
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mous currents to make very strong magnets so long as the solenoid 
had only an air core. It is the combination of a solenoid and 
an iron core that makes possible the development of strong mag- 
netic fields. Such a combination is called an electromagnet, 
Fig. 21. 

When a current of a given value is sent through the convolu- 
tions of the solenoid, magnetic poles are developed at the ends of 
the solenoid in accordance with the principles already explained. 
If while the current is flowing, an iron rod be inserted into the 
solenoid it will be found that the electromagnet becomes a much 
stronger magnet. The iron has thus a property of greatly in- 
creasing the number of magnetic lines. Perhaps a better way of 
explaining the action of the iron is to say that it offers a much 
smaller resistance to the passage of the magnetic lines, and 
accordingly the same current will send many more lines through 
the iron than through the air alone. 

If the magnetic circuit is composed wholly of iron, the opposi- 
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tion to the building up of a magnetic field is much less than when 
the circuit is part iron and part air. Under such conditions the 
same current will develop an even stronger magnetic field. Thus, 
an electromagnet in which the magnetic circuit contains only a 
small air gap is more effective than one in which the air gap is 
large, Fig. 22. 

21. Magnetic Field Inside of an Anchor Sing. — Suppose a long 
helical coil of wire is bent into a ring. Fig. 23. When a current 
is passed through the wire of such a solenoid, the magnetic field 
is confined to the interior of the spiral ring and in the direction 
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of its length. The work required to move a unit magnet pole 
aroimd the magnetic circuit, that is, length of the ring, can readily 
be calculated. A straight conductor is surrounded by a magnetic 

field whose strength at any point is ,-. When a unit magnet 

pole is moved around the wire at a distance d against the mag- 
netic field the numerical value of the work done will be 

2/ 
2Td X , = 47ri. 

If a unit magnet pole is moved along the circular axis of the anchor 
ring of N turns one complete revolution, it will have made one 
complete turn around each turn of wire. The total work will 
then be N times the work done in moving the unit pole around one 
conductor. Hence the work done in moving the magnet pole 
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one complete revolution along the circular axis of the coil is 

W = AtNI. 

li H is the force exerted by the magnetic field on a unit magnet 
pole within the anchor ring, then by definition W = HI, where 
I is the length of the path along which the magnet pole was 
moved. Equating these expressions for W we have 

HI = AtNI, 

and 

47riNrJ 



H = 



I 




rns 



Fig. 23. 

where H is numerically equal to the strength of the magnetic 
field inside of the anchor- ring solenoid. If / is measured in 

amperes, then 

^, 4 tNI 

If r is the radius of the path, then I = 27rr, which when substi- 
tuted for I gives 
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This shows that the intensity of the field is not constant 
across the section of the ring, but varies inversely as r, the radius 
of the ring. 

22. Magnetic Field Inside of a Long Straight Solenoid. — It is 

evident that if the radius of the anchor ring is increased greatly 

a part of the anchor ring will approach a straight solenoid. A 

long straight solenoid may be considered as a portion of an 

anchor ring with an infinite radius. The magnetic field near the 

center of a long solenoid will be the same as in the anchor ring, 

viz., 

4irNI 



H = 



10/ 
1.257NI 



gilberts per centimeter. 



A more accurate expression for the field intensity inside of any 
solenoid is 

ff = 1.257iV7[l-j(^-£,], 

where I = length of solenoid, . 

X = distance of point inside of the solenoid from 
one end, 
I — X = distance of the point from the other end, 
r = radius of the solenoid. 

23. Magnetomotive Force, and Magnetizing Force of a So- 
lenoid. — The magnetomotive force is defined as niunerically equal 
to the work expended in moving a positive unit magnet pole 
around the magnetic circuit against the magnetic field. It has 
been shown that this, in both the anchor ring and long solen- 
oid, is 

m.m.f. = HI = 1.257NI gilberts, 

when / is in amperes. H, the magnetizing force of the solenoid, 
is equal to the magnetomotive force per unit length. The stu- 
dent should remember, however, that neither the magnetomotive 
force nor the magnetizing force is of the physical nature of a 
force. They are of the nature of work per unit magnet pole. 

If an iron core be inserted into the anchor ring or solenoid, the 
flux density B is jjlHj where m = permeability. Then 

1.257i\r/M 



B = 



I 
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The total flux 



I 



m.m.f. 
I 



M 



The quantity —r is called the reluctance, (R. We may then 

write 

magnetomotive force 



$ = 



reluctance 



^ 1.257i\r/ 

^ = -z maxwells. 

This equation for magnetic flux is analogous to the mathematical 
expression of Ohm's law. The magnetomotive force is analogous 
to electromotive force, and reluctance is analogous to resistance. 

As the reluctance (R = — j it is evident that the reluctance of a 

magnetic circuit varies directly as the length and inversely as the 
product of the permeability by the cross-sectional area of the 
circuit, /i for air is practically unity. 

If a magnetic circuit consists of several parts in series, each 
having a different length, cross-section, and permeability, the 
total reluctance is the sum of the reluctances of the several parts. 

Thus, if lu -Ai, Ml, 

and Z3, Azy /is are the lengths, cross-sectional areas, and 

permeabilities of three parts respectively, the total reluctance is 

(R = -V + -^ + '' 



tiiAi ik7.Ai iizAz 

and if a magnetomotive force of 1.257iV/ units is applied, the 

flux resulting is 

1.257i\r/ 



$ = 



^1 , '2 , h 
i A r 



\i.\A\ \i.iAi \i.zAz 

__ m.m.f. 
"■ ~~(R~ ' 

24. Magnetic Properties of Bodies. — Many investigations upon 
the magnetic properties of substances have been made. Why 
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some bodies are magnetic while others are not is at present un- 
known. We only know that some substances can be magnetized, 
and we know the properties of these substances under different 
degrees of magnetization. With reference to theif magnetic 
properties, substances are divided into three classes or groups: 
ferromagnetic, paramagnetic, and diamagnetic. 

(a) Ferromagnetic substances are those whose intensity of mag- 
netization at saturation is of the same order of magnitude as that 
of iron. To this class belong iron, nickel, cobalt, magnetite, 
pyrrhotite, and the alloys of copper, manganese, and aluminum 
commonly known as Heusler alloys. The permeability of ferro- 
magnetic substances is relatively large. 

(6) Paramagnetic substances are those which when subjected to 
the influence of a magnetic field become magnetized in the direc- 
tion of the field but the resulting magnetization is very weak. 
Paramagnetic substances are oxygen, nitrogen dioxide, palla- 
dium, platinum, manganese, and the salts of some metals. The 
permeability of paramagnetic substances is greater than unity, 
but not very large. 

(c) Diamagnetic substances are those which when subjected to 
the influence of a magnetic field become magnetized in a direction 
opposite to that of the field. The resulting magnetization is also 
very feeble. Bismuth is a good example of a diamagnetic sub- 
stance. The permeability of diamagnetic substances is less than 
unity. 

Some bodies, such as iron, when heated show a gradual transi- 
tion from the ferromagnetic to the paramagnetic state or vice 
versa, but as yet no substance, with the exception of tin, has been 
found which by a change of the physical conditions, will pass from 
the diamagnetic to the paramagnetic state. 

26. Magnetic Properties of Iron. — As iron in some form enters 
into all electrical machinery, its magnetic properties are of great 
importance. When a sample of iron is subjected to the influence 
of a magnetic field it becomes magnetized. The relation be- 
tween the flux density B and the strength of the magnetizing force 
Hy producing the flux density, is usually shown by means of a 
magnetization curve commonly called B-H curve. A B-H 
curve for an iron ring is shown in Fig. 24, and a similar curve for 
a standard rod of iron is shown in Fig. 25. An examination of 
this curve shows that for values of H below 0.5 gilbert per centi- 
meter the flux density increases very slowly. As the strength of 
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H increases from 0.5 to 2 gilberts the flux density increases rapidly 
from about 2,000 to 12,000 lines per square centimeter. For 
higher values of H the flux density again increases at a much 
slower rate. This is a typical B-H curve for iron. The 
absolute values of B for corresponding values of H will be differ- 
ent for different samples of iron, but the general form in every 
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case will be the same. Such curves are of extreme importance in 
the design of electrical machinery. The fi—B, or permeability, 
curve, Fig. 26, is easily obtained from the B-H curve. The 
value of >* at any value of ff is obtained by dividing the value of 
B by the corresponding value of H. Thus when B = 10,000, 
H = 1.25 and accordingly ix ■= 10,000 -^ 1.25 = 8,000. Other 
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values of n are calculated in the aame way, and from these the 
li-H curve is plotted. This curve shows that the permeability 
of iron is not a constant quantity. This is an important fact. 
The sharp bend of the B-H curve, in this case that portion of 
the curve between B - 10,000 to B - 12,000, is known as the 
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knee of the curve. For practical purposes, this is the point of 
saturation of the iron. 

Fig. 25 shows that as the magnetizing force increases, the flux 
density increases, although not uniformly. 

26. Hysteresis. — When a sample of iron is subjected to the 
influence of a magnetizing force which can be increased by steps 
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and the magnetizing force and flux density are plotted, curve, 
Fig. 25, results. If the magnetizing force be increased to any 
value, such as 4 gilberts, the flux density will reach a corre- 
sponding value of 14,000. If now the magnetizing force be 
decreased step by step the flux density will not decrease along the 
magnetization curve, but will remain higher. This is illustrated 
by Fig. 27. This figure shows that when the magnetizing force 
has been reduced to zero, the flux density is still about 10,800 
lines per square centimeter. This value is called remanent or 
residual magnetism. The flux density drops to zero only after 
the magnetizing force has been reversed and, in the illustration 
shown, increased to about 3 gilberts per centimeter in the negative 
direction. The magnetizing force required to reduce the residual 
magnetism to zero is called coercive force. It is thus evident that 
work must be done in causing the molecules to turn around and 
point in the opposite direction. The decreasing values of the 
flux density are higher than the increasing values of the flux 
density corresponding to the same magnetizing force. This 
lagging behind has, therefore, been given the name hysteresis 
which means 'Magging behind, '* and the area bounded by the 
four lines -4, B, 6*, and D is called a hysteresis loop. This loop 
is due to the fact that some work must be done in magnetizing 
the iron first in one direction and then in the other direction. 
The wider the loop the greater the amount of energy spent in 
the process of reversing the magnetization. This energy appears 
as heat in the iron, and is lost for all practical purposes. For 
electrical machines in which the magnetization is variable, or 
alternates, it is of great importance to use iron whose hysteresis 
loop is very narrow and consequently has small hysteresis loss. 
Hysteresis loops give valuable information in regard to the mag- 
netic qualities of iron. 

Recapitulation 

1. Every current-carrying wire is surrounded by a magnetic field which is 
produced by the current. The direction of this magnetic field is determined 
by the following rule: 

Rule. — Grasp the wire with the right handy with the thumb extended along 
the wire in the direction of current flow; the fingers will then point in the direc- 
tion of the magnetic lines encircling the wire. 

2. A solenoid is a helical coil of insulated wire. The magnetic properties 
of a current-carrying solenoid are much the same as those of a bar magnet. 

8. The intensity of a magnetic field at a point in space at a distance of d 
centimeters from a straight wire carrying a current of / abamperes is 
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H = - - gausses 
a 

0.079/ 
- ■ — gausses, 
a 

when / is in amperes and d in inches. 

4. When the currents flow in the same direction in two parallel conductors 
a force of attraction will exist between the conductors. • 

When the currents flow in opposite directions, a force of repulsion will exist 
between the conductors. 

6. The absolute unit of electric current is a current of such strength which 
when flowing in a conductor bent into a ring of 1 turn, 1 centimeter in ra- 
dius, will exert a force of 2^ dynes on a unit magnet pole placed at the center 
of the ring. / 

When a current of / abamperes flows through a ring of N turns and r 
centimeters radius, the field intensity at the center of the ring is 

TJ 27ri\r/ 
« = 



_ 0.2^7 NI 

r 
when / is in amperes and r in inches. 

6. The force exerted by a magnetic field whose flux density is B lines per 
square centimeter upon a conductor I centimeters long carrying a current of 
/ absolute units is 

F = BlI dynes 

= 8.855i/ X 10- 8 pounds, 

when B is flux density per square inch, I is in inches, and / is in amperes. 

7. An electromagnet consists of an iron core within a solenoid magnetized 
by an electric current flowing in the solenoid. 

8. The intensity of the magnetic field within an anchor ring of I centime- 
ters length and N turns when a current of 1 absolute units is flowing through 
the turns on the ring is 

H = - gausses 

V 

1.257iV/ 
= - - gausses, 

when / is in amperes and I in centimeters, or 

„ 0.495iV/ 

H ^ _ gausses, 

V 

when / is in amperes and / is in inches. 

The mathematical relation between the flux density B in lines per square 
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centimeter, the intensity of the magnetic field H in gausses, and the mag- 
netic permeability /i is 

B = nU 

1.257iV/M 
= gausses, 

when / is in amperes and Z is in centimeters, or 

„ 3.19iV//i 

B = gausses, 

when ^ is in lines per square inch, J is in amperes, and 2 is in inches. 

9. Magnetomotive force is defined as the difference of magnetic potential 
along a line of magnetic intensity from any point in the field, back to the 
same point. It is measured by the work done in moving a unit magnet pole 
around the circuit against the magnetic field. The magnetomotive force of 
a solenoid is given by the expression 

m.m.f. = 4irNI gilberts 

= 1.257 N I gilberts, 
when J is in amperes. 

10. The magnetizing force of a coil or solenoid is the magnetomotive 
force per unit length of solenoid. It is expressed by 

4^NI .,, 
H = — - — gilberts per centuneter 

= gilberts per centimeter, 

when / is in amperes and Z is ill centimeters, or 

H = gilberts per inch, 

I 

when / is in amperes and Z is in inches. 

11. The reluctance, (R, of a magnetic circuit is a property of the circuit 
which depends upon the length, cross-section, and permeability of the circuit. 
It is analogous to resistance in the electric circuit. The algebraic expression 
for reluctance is 

Unit reluctance is that reluctance in which a flux of 1 maxwell is produced by 
a magnetomotive force of 1 gilbert. The unit of reluctance is called the 
oersted. 

12. The relation between magnetomotive force, reluctance, and flux is 

given by 

magnetomotive force 



Flux = 
^ = 



reluctance 
m.m.f. 
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13. Permeability of a substance is a property which modifies the inter- 
action of magnetic poles when immersed in or separated by this substance. 
In order to evaluate this constant, the force between two poles is taken as 
inversely proportional to the permeability, 

miW2 

14. Ferromagnetic substances are substances whose permeability is very 
high. 

16. Paramagnetic substances are substances whose permeability is larger 
than imity but low. 

16. Diamagnetic substances are those whose permeability is less than 
unity. 

17. A hysteresis curve is a curve representing the flux density as a function 
of the magnetizing force when the latter is carried through a complete cycle 
between equal positive and negative values. 



CHAPTER III 
ELECTROMAGNETIC INDUCTION 

27. Introduction. — In the preceding chapter it has been shown 
that when a current of electricity flows along a wire, the wire is 
surrounded by a magnetic field. In other words, the flow of 
electricity produces a condition in the ether surrounding the wire, 
which we call magnetic. The question naturally arises, if the 
flow of electricity along a wire produces a strained or magnetic 
condition in the ether surrounding the wire, will a current of 
electricity be produced in the wire if it is suddenly plunged into 
a magnetic field. That is, if some other means are used to pro- 
duce the same condition around the wire will this result in a cur- 
rent of electricity in the wire. A complete answer to this ques- 
tion can be obtained only by experiment. 

28. Electromagnetic Induction.- — Faraday showed that when a 
wire cuts across a magnetic field, or when a magnetic field is 




suddenly built up around the wire, an electric current will flow 
if the wire forms a closed coil. When the coil is open, of course 
no current can flow, but an electromotive force is induced 
nevertheless. Thus it is preferable to say that whenever a wire 
cuts across a magnetic field or when a magnetic field is suddenljr 
built up around a wire, an electromotive force is induced in the 
wire. The significance of Faraday's experiments will be more 
easily understood from a consideration of Fig. 28. In thio 
figure two opposite magnetic poles are shown near each other - 
Between them is the magnetic flux $ which we shall assume a^^ 
30 
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being cut by the conductor CD moving downward. If the con- 
ductor starts from the position CD and moves to the position 
CD' it will cut across the flux *. A galvanometer or other 
sensitive current detecting device connected to the ends of the 
conductor will show that during the motion of the conductor 
from CD to CD' an electromotive force is induced, that is, a 
current flows through the galvanometer. Experiment thus an- 
swers the question in the affirmative, and it remains to consider 
the relation between the rate of cutting and the induced electro- 
motive force. 

29. Value of Induced Electromotive Force. — It is found by- 
experiment that when the intensity of the magnetic field remains 
constant and the speed of the conductor is varied, the electro- 
motive force is directly proportional to the speed ; when the mag- 
netic field between the two poles is changed, and the conductor 




is moved at the same speed, it is found that the induced electro- 
motive force has changed in the same ratio as the magnetic field. 
Furthermore, if the conductor is moved endwise, from C toward 
D no electromotive force whatever is induced. If the width 
I of the magnetic poles is reduced, the electromotive force in- 
duced by relative motion of conductor and field is reduced in 
direct ratio to the reduction in the width of the magnetic field 
through which the conductor is moved. In Fig. 28 the conductor 
is assumed to move at right angles to the magnetic lines. When 
the conductor moves in a direction making an angle d with the 
direction of the lines, the electromotive force induced is found 
to be proportional to the component of the speed normal to the 
lines, or to sin 6, and finally if the conductor is moved in a direc- 
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tion other than in a Une perpendicular to its length, the resulting 
electromotive force is proportional to the component of its speed 
in a direction normal to its length. These experimental facts 
can be expressed mathematically as follows: 

Let a magnetic field be represented by horizontal straight 
lines, Fig. 29. Let the conductor AB make an angle a with the 
plane CD normal to the magnetic field and let its direction of 
motion be indicated by the vector OV which makes an angle 
/3 with the perpendicular to the conductor, and an angle 6 with 
the direction of the magnetic lines. Furthermore, let V be the 
velocity of the conductor in the direction OV, The speed in the 
direction ONy normal to the conductor is V cos /3, and the compon- 
ent of this in the direction ON' is V cos jS sin B, The induced 
electromotive force is also proportional to the component of the 
conductor normal to the field. If I represents the length of con- 
ductor immersed in the field, and this makes an angle a with the 
normal to the field, the component in a plane normal to the 
field is I cos a. Experiment also shows that when a conductor 
moves across a magnetic field the induced electromotive force 
is proportional to the flux density, or strength of the magnetic 
field. Let B represent this flux density. We thus have 

E oo 7 cos /3 sin 6, 
E CO I cos a, 
and E CO B, 

when E and B are measured in absolute units. 

Hence E = BIV cos fisin 6 cos a. 

But IV cos j8 sin ^ cos a is the projection of the area, traced by the 

conductor of length I in unit time, upon the normal plane. If we 

represent this area by A we have 

E = BA. 

But BA = ^ = flux crossed by conductor in unit time. If 
the flux distribution is uniform and if ^ is the flux cut in t seconds, 

then JB? = t- 

V 

The general principles of electromagnetic induction have been 
summarized by Steinmetz as follows: 

"If an electric conductor moves relatively to a magnetic field, an 
electromotive force is induced in the conductor, which is proportional to 
the intensity of the magnetic field, to the length of the conductor, and to 
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the speed of its motion perpendicular to the magnetic field and the direc- 
tion of the conductor." 

It is worth while to point out that the magnetic lines must 
be actually cut by the conductor before an electromotive force 
will be induced. The conductor must move across the lines, and 
it is immaterial whether the magnetic field is stationary and the 
conductor moves, or the conductor is stationary and the mag- 
netic field moves across it, or is suddenly built up around the con- 
ductor. The relative motion will result in an electromotive force 
being produced in the wire. 

In order that the student may get a clear understanding of the 
principles of operation of electrical machinery, one must realize 
that the magnetic field surrounding a magnet is the seat of the 
energy that causes a current to flow in the wire or coil being 
moved across the field. 

The magnetic lines have certain properties which are of interest. 
They are always closed curves; they behave like tightly stretched 
rubber bands; they tend alwayB to contract; they never intersect; 
and they repel one another laterally. 

A knowledge of these properties together with the properties 
of the magnetic field surrounding a current-carrying wire aids in 
understanding the phenomena resulting when a portion of a closed 
conductor in which no current is flowing is moved across the lines 
of a uniform magnetic field. 

The expression, E = jf gives the average pressure induced in 

one conductor when it cuts across a flux ^ in. t seconds. If n 
conductors cut across the same flux, it follows that the pressure 
induced in each will have the same value. When these con- 
ductors are connected, as in a coil, so that the individual pressures 
are added and in the same direction, the average pressure for the 
n conductors is 

£=---. 

The value of the induced pressure is proportional to the rate of 
cutting of magnetic flux. 

The practical unit of pressure is the volt, which is the pressure 
generated when the conductor is cutting the flux at the rate of 
10* or 100,000,000 lines per second. The pressure generated 
in a circuit is dependent on this rate of cutting of magnetic lines. 
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It may be due to a single conductor cutting 10* lines per second 
or a large number of conductors, properly connected, each cutting 
a correspondingly reduced number of magnetic, or better lines 
of induction. 

To change absolute units of pressure to volts we divied by 10*, 
hence 

Illustrative Examples 

1. The dimensions of the pole faces in Fig. 28 are 20 by 40 centimeters- 
If the flux density B is 5,000 lines per square centimeter and the conductor 
moves across this fiux in J^ second, what is the average value of the induced 
pressure? 



Solution. — 



* = B X A 

= 5,000 X 20 X 40 
= 4,000,000 maxwells, 



then 



E = 



4,000,000 



Hxio« 

= 0.08 volt for one conductor. 

2. Suppose one side of a coil of 1,000 turns cuts the flux specified in exam- 
ple 1, in 0.1 second, what will be the pressure between the terminals of the 
coil? 



Solution. — 



* = 4,000,000 
n = 1,000 
^ = 0.1 sec. 



Hence, 



E = 



4,000,000 X 1,000 



0.1 X 108 
= 400 volts. • 

Let the black dots 1, 2, 3, 4, Fig. 30, represent the successive 
positions of one side of a closed conductor as it moves across a 
magnetic line. When the conductor approaches a magnetic line, 
the line, being elastic, is not cut at once, but is bent as shown at -4. 
As the motion of the conductor continues, this depression of the 
line increases as at B, and the line wraps itself around the conduc- 
tor as at C When the limit of elasticity, so to speak, of the line 
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has been reached and it is ruptured the two ends at once combine, 
making as before one continuous line, and at the same time the 
extended or bent portion of the line closes, forming a circle of the 
magnetic line around the wire. Therefore, by the mechanical 
process of carrying a portion of a closed conductor across a mag- 
netic field, a circular magnetic field is developed around the con- 




FiG. 30. 

ductor, and accordingly a current of electricity is developed and 
flows in the conductor. 

It is also quite evident that the direction in which the lines 
wrap themselves is determined by the direction of motion with 
reference to the magnetic field. In Fig. 30 the conductor was 
assumed to move from left to right. If the conductor moves from 

C 




Fig. 31. 

right to left, the conditions will be as shown in Fig. 31. An ex- 
amination of the diagram clearly shows that the direction of 
the circular field at (4) is counter-clockwise, while in Fig. 30 
the direction of the circular field is clockwise. 

30. Relative Direction of Magnetic Field and Induced Electro- 
motive Force. — An experiment^ can easily be performed which will 

1 Exp. 18, "Elementary Magnetism and Electricity." 
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show that the polarity of the ends A and B of the wire, Fig. 28, 
will depend upon the direction in which it moves across the mag- 
netic field. If it moves down, A may be positive and B negative, 
and if it moves in the opposite direction the polarity is reversed. 
The direction of the induced electromotive force depends on 
the direction of the magnetic lines and also upon the direction of 
motion of the conductor which cuts the lines. 

Let Fig. 32 represent ajSection of a magnetic field by the plane 
of the paper and assume that the positive direction is from below 
upward. 

If a pair of metal rails ri and rz be placed as shown and con- 
nected by conductors to a galvanometer (?, which is used to detect 
the flow of currents, and a metal rod be moved across the field 



© 



Flux 
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while in contact with the rails, a current will flow through the 
gailvanometer circuit. This flow of current is due to the cutting 
of the magnetic lines by the conductor. If the rod be moved 
toward the left, the end resting on r^ will be positive and the end 
near ri will be negative. That is, the current will flow from ri 
through the conductor s to r2, through r2 and the galvanometer 
to ri, making a complete circuit. If the rod be moved in the 
opposite direction, that is from right to left, the direction of 
current flow will be reversed. Also, if the positive direction of 
the magnetic flux be from above downward, and the rod be slid 
from left to right the conductor will be positive at r2 and negative 
at ri. Sliding the conductor in the opposite direction will again 
reverse its polarity. 

Reversing either the direction of motion of the conductor, or 
the direction of the magnetic field, reverses the direction of the 
induced electromotive force. 

In Article 29 it was shown that whenever a conductor moves 
in any direction through a magnetic field the induced electro- 
motive force is given by 

e = BIV cos jS sin ^ cos a. 



ELECTROMAGNETIC INDUCTION 



37 



where jS is the angle the direction of motion makes with a normal 
to the conductor, 6 is the angle the direction of motion makes with 
the magnetic lines, and a is the angle the conductor makes with 
a plane normal to the magnetic field. 

In practice fi and a are each zero, that is the conductor is 
moved at right angles to its length, and is in a plane normal to 
the magnetic lines. The expression for e then becomes 

e = BIV sin 0. 

When the conductor moves at right angles to the magnetic 
lines, that is when 6 = 90°, there are three quantities mutually 
perpendicular to each other; namely, the magnetic lines, the 
motion of the conductor, and the induced electromotive force. 



Pfracf/on 
of 

fnduceti 




Fig. 33. 

Many rules have been formulated to aid in remembering the 
relations between these three quantities. Perhaps the right- 
hand rule of Fleming is as simple and easily remembered as any. 

Rule.. — If the middle finger ^ forefinger and thumb of the right 
hand he extended so that each is perpendicular to the plane con- 
taining the other two, Fig, 33, the direction of the digits mil repre- 
sent the directions of the three quantities as follows: 

Direction of thumb from hand out will represent the direction of 
motion; the direction of the forefinger will represent the direction 
of the magnetic field; and the direction of the middle finger the direc- 
tion of the induced electromotive force. This relation can easily 
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be remembered by the aid of the three letters Ej L, M, Thus E 
at the tip of the middle finger, L at the tip of the forefinger, and 
M at the tip of the thumb, Fig. 33, spell elniy and at the same time 
give the space relation between the electromotive force, E] lines 
of magnetism, L; and motion, M. 

Another simple method of remembering this relation is tc 
consider the magnetic lines to be elastic and that as the con- 




'mt^^"'f^ 



Fio. 34. 



Fig. 35. 



ductor moves across the field, the lines tend to wrap themselves 
around the conductor as indicated in Fig. 34. If the positive 
direction of the magnetic lines is clockwise as shown, the induced 
electromotive force is away from the observer, or into the paper. 
If the positive direction of the lines is counter-clockwise the in- 
duced electromotive force is directed toward the observer, or 




FiQ. 36. 



out from the paper, 
rule be remembered. 



It is quite important that some general 



Recapitulation 



1. Electromagnetic induction is the principle of inducing an electromotive 
force by the relative motion of a conductor and a magnetic field. 

2. When a conductor moves across a magnetic field, the electromotive 
force induced in a conductor depends on the following conditions : First, the 
number of magnetic lines per unit area of the magnetic field, that is, tYiefluz 
density; second, the length of conductor which is cutting the magnetic field 
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thirdf the velocity of the conductor with respect to the field, that is, the rate 
of change of position between the conductor and the ^e\d; fourth j the direc- 
tion of motion between the conductor and the field. If the conductor is 
moved parallel to the field flux as in Fig. 35, there is no cutting of lines of 
induction and, hence, no pressure is induced. If the motion of the conduc- 
tor is at right angles to the flux as in Fig. 34, the rate of cutting with a given 
velocity of conductor, will be a maximum. Motion of the conductor in the 
field in any direction which makes an angle between 0° and 90** to the flux as 
in Fig. 36 will produce a pressure which is dependent on the sine of the angle 
between the direction of the motion and the direction of flux. 

3. The value of the induced electromotive force any instant is given by 

e = BIV sin d, 

where B = flux density per square centimeter, 
I = length of conductor in centimeters, 
V = speed of conductor in centimeters per second, 
and = angle the direction of motion makes with the direction of 
magnetic lines. 

4. The average value of the electromotive force induced in one conductor 
is 

E = -J absolute units, 

where $ is the flux cut in t seconds. 

As 1 volt is equal to 100,000,000 = 10^ absolute units. 

If n conductors cut a flux * in t seconds, then the average pressure in each 
is 

£ = -. 

And if these conductors are connected so that the pressure in one is added 
to that in the other, then 



E = 

volts. 



tx io« 

6. The relative direction of the induced electromotive force with reference 
to the direction of the magnetic flux and the direction of motion may be 
determined by the following: 

Rule. — Bend the middle finger , the forefinger , and thumb so that 
any one shall be at right angles to the plane of the other two; then 
if the forefinger points to the positive direction of the magnetic lines y 
and the thumb in the direction of the motion of the conductor y the 
electromotive force induced will be in the direction of the middle 
finger. 

4 



CHAPTER IV 

UNITS OF MEASUREMENT 

31. Introduction. — Some of the more common electrical and 
magnetic units have already been defined. In this chapter we 
shall collect these definitions and add definitions of other terms 
vhich are met in electrical and magnetic measurements. In 
addition a more complete and systematic discussion of different 
systems of units and their importance will be taken up. 

32. Measurement. — In order that physical quantities may be 
compared and that their effects and relations may be calculated, 
tiiey must be measured and their magnitudes or relative sizes 

determined. For the purpose of measurement, units are neces- 
The unit is always some arbitrarily chosen magnitude of 
quantity. For instance, the fundamental unit of length in 
electrical calculations is a fractional part of the meter, 
meter is defined as the distance, at the temperature of melt- 
ice, between two points on a certain platinum iridium bar 
<i©X>osited at the International Bureau of Weights and Measures 
** ^Sevres, France. One one-hundredth of this length is the cen- 
^^xti^ter which is the unit of length used in most scientific calcu- 
)n8. In the British system of units the fundamental arbi- 
unit of length is the yard, one-third of which, the foot, is 
^^^^ti^monly used in engineering calculations. 

^^^at is true with respect to the arbitrary nature of the unit of 
len^-th is true with respect to the units of other quantities. 

Tlie measurement of a physical quantity consists in comparing 

ite ^magnitude, or effect, with the magiytude, or effect, of the 

*^ t^itirarily chosen unit as the standard of comparison. The mag- 

'^'tvifie of the quantity measured is then expressed in terms of 

*^^ti unit, and the expression consists of two parts; a numerical 

P^^'t;, and the part which names the unit with which it has been 

^^'^^^ pared. Thus we may give the length of a wire as IfiOO feet 

®^ ^-s 1,000 meters. Merely the number 1,000 will give no idea of 

^^^ length, but the number must be followed by the name of the 

^^"t of measure. The numerical part will vary inversely with 

6 41 
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the size of the unit employed. Thus a distance may be expresset^B 
as 1 mile, 1,760 yards, or 5,280 /ee/. The distance is the same iiz^ 
each instance, but as the size of the unit of measure decreases th^^ 
numerical part of the expression increases. 

Systems of Units. — Fundamenf-al concepts of physical quaotitie^^ 
are those of length, mass, and time, and most physical quantitieE^= 
may be expressed in terms of these. For this reason the units o^B 
length, mass, and time are called fundamental units, and all othei~^ 
units which can be expressed iji terms of these are called derivei^H 
units. A system of units which consista of the fundameota^E 

units and derived units based on these is called an afiso/uie system 

In the absolute system commonly used the fundamental i 




are the centimeter, the gram and the second, and the system is for 
this reason called the cg.s. system. The corresponding units in 
the English system are the foot, the pound, and the second. 

The ^rawi is the H.ooo P^^t '^^ ^ mass of metal called the kilo- 
gram, Fig. 37. It was intended that the gram should represent 
the mass of 1 cubic centimeter of distilled water at the tempwa- 
ture of 4°C. Although this is not quite correct, nevertheless, 
for all practical purposes we may regard the mass of 1 cubic centi- 
meter of distilled water at 4°C. as equal to 1 gram. 

The .second is defined as the ^6,400 part of a mean solar day. 
By mean solar day is meant, the average time for a year between 
the successive passages of the sun across the meridian. The 
tf(^{er has already been defined. 
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33. Derived Units. — ^Units of quantities depending on powers 
greater than unity of the fundamental units of length, mass, and 
time, are called derived units. Thus the units for the measure- 
ment of surface, volume, velocity, force, work, current, electro- 
motive force, etc., can all be expressed in terms of the fundamen- 
tal units, and are, therefore, derived units. The number of 
derived units is limited solely by the number of physical quan- 
tities to be measured. In electrical measurements and calcula- 
tions, with which we are at present concerned, two kinds of 
derived units are commonly used. These are absolute units and 
practical units. The absolute units are those based directly upon 
the three fundamental units. They can be expressed directly in 
terms of the fundamental units without any multiplying or con- 
version factors. 

The absolute units are, however, too small in some cases, and 
too large in others for convenient use, and hence, for practical 
calculations and measurements, certain multiples of the absolute 
units have been chosen and named. These are called practical 
units. These will be defined later. 

34. Magnetic and Electrical Units. — The absolute units 

employed in electrical and magnetic measurements are based on 

two different fundamental assumptions. In one system, the 

repulsive force between two electrical charges is made the basis. 

This system is known as the electrostatic system of units. In 

*he other the repulsion between two magnetic poles, or quanti- 

fe of magnetism, is taken as the basis. This is known as the 

^^ctromagnetic system of units. Most electrical measurements 

^^e made with the electromagnetic units. There are certain 

delations between these two systems of units the values of which 

^ave been determined by experiment. 

The fundamental bases of both the electrostatic and electro- 
'^^gnetic systems of units are force and work. The absolute 
^^Uti of force the dyne is defined as that force which when appUed 
a, gram mass will give it an acceleration of 1 centimeter per 
second per second. This is known as the absolute or c.g.s. unit 
J ^orce. A pound force is approximately equal to 444,800 

-*^lxe absolute unit of work is the erg which is defined as the 
^I'lc spent or done by a force of 1 dyne acting through a distance 
^ Centimeter. For a fuller discussion of work see next chapter. 
• Electrostatic Units. — The more common electrostatic 
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units are those of quantity of electricity, difference of electrical 
potential, and of capacity. 

(a) The Unit of Quantity, — The unit of quantity of electricity 
is that quantity which will exert a force of 1 dyne upon an equal 
and Uke quantity at a distance of 1 centimeter in air. 

(6) The Unit Difference of Potential, — ^A unit difference of 
electrical potential exists between two points when it requires 
an expenditiu'e of 1 erg of work to bring a plus unit of electrical 
quantity from one point to the other point. 

(c) A unit capacity is that electrical capacity of a conductor 
which requires a charge of one electrostatic imit of quantity to 
produce a imit difference of potential. These electrostatic units 
have no names, and will be Uttle used by the student. They are 
given here mainly for reference and comparison. 

36. Electromagnetic System of Units. — As already pointed out 
the electromagnetic units are based on the force exerted between 
two Uke magnetic poles. These units may be considered under 
two heads, magnetic and electrical. The magnetic imits are those 
used in the measurement of magnetic quantities and the elec- 
trical units are those used in measuring electrical quantities. 

37. Magnetic Units. — The more common magnetic units are 
the following: 

(a) Unit Magnet Pole, — This has already been defined. See 
Article 6. 

(6) Unit Difference of Magnetomotive Force, — ^A imit difference 
of magnetomotive force exists between two points when it re- 
quires an expenditiu'e of 1 erg of work to move a north-seeking, 
unit pole from one point to the other against the magnetic 
forces. This unit is called the gilbert, 

(c) Unit Intensity of Magnetic Field, — This has been defined. 
See Article 8. It is called the gauss, 

(d) Unit of magnetic reluctance is that reluctance which re- 
quires a unit of magnetomotive force to develop one line of mag- 
netic flux. It is called an oersted, 

(e) Unit of Flux Density, — The unit of flux density is one line 
of induction per square centimeter, or 1 maxwell per square 
centimeter. 

38. Electrical Units. — The electrical quantities for the meas- 
urement of which units are necessary are current, quantity of 
electricity or charge, electromotive force, resistance, power, work, 
capacity, also called capacitance or permittance, and inductance. 
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^e units of power and work are discussed in the next 
Iiapter. 

(a) The Unit of Curreni.^-Whenever a current of electricity 
**Ws through or along a wire, a magnetic field is built up around 
**^6 wire. This magnetic field is capable of exerting a force upon 
tnagnetic pole. The unit current is defined in terms of the 
'*Ork spent in moving a unit magnetic pole around a current- 
^arrying wire aa follows; 

An absolute unit of current ia that current which requires an 
Expenditure of iv ergs to carry a unit magnetic pole once around 
the current. 

Another definition which has already been given is the follow- 
ing: The absolute electromagnetic unit of current is that current 
irhich when flowing through a conductor bent into a circle of 1 
centimeter radius, exerts a force of 2jr dynes on a unit pole at the 
center of the circle of which the conductor is the circumference. 
The two definitioas are equivalent. 

This unit of current is too large for practical purposes. It has 
10 name but is sometimes called the abampere. The prefix ab 
is the first syllable of the word absolute. 

{b) The absolute unit of quantity is that quantity of electricity 
.transferred by 1 abampere in 1 second. It is sometimes desig- 
nated the abcoulomb. This unit is also too large for practical 
purposes. 

(c) Difference of Electrical Potential or Electromotive Force.-^h. 
difference of electrical potential is said to exist between two points 
if, when the two points are joined by a conducting material, an 
electric current will flow between the points. Every electric 
generator is primarily a device for developing and maintaining a 
jEiifference of potential or electromotive force. Electromotive 
force may then be considered as the real cause of an electric 
current. It may be produced or maintained in several different 
ways, only one of which is of interest at present and this has been 
Explained in the previous chapter. The essential principle is 
^at whenever a wire is moved across a magnetic field an electro- 
Baotive force ia induced in the wire. One absolute unit of electro- 

Emotive force is induced in the wire when it cuts 1 maxwell per 

second. This unit is the abvolt. It is entirely too small for 
practical calculations and raeaaurcments. 

(d) The absolute unit of Tesistance is that resistance which re- 
quires an electromotive force of 1 abvolt to force 1 abampere 
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through the resistance. This is also a very small unit and for 
practical purposes another one is used. 

(e) The absolute unit of capacity , or better capacitance, is the 
capacitance of a conductor which will be charged to a difiference 
of potential of 1 abvolt by 1 abcoulomb. 

The absolute unit of work is the erg, which has been defined in 
Article 34, and the absolute unit of power is the rate of doing 
1 erg per second. 

(/) Inductance. — It has been shown that when a magnetic 
field cuts across a conductor an electromotive force is induced in 







Fig. 38. 



the conductor. The source of the magnetic field is immaterial. 
Whenever a circuit is closed so that a current can flow, the flow 
of current establishes a magnetic field around the conductor. 
This building up of the magnetic field has the same efifect as if 
the conductor were moved across a magnetic field, that is, an 
electromotive force is developed in the conductor. 

Consider the case represented by Fig. 38 where a battery B 
suppUes current through a variable resistance R to an electro- 
magnet Af . Let us suppose the circuit open and no initial or 
residual magnetism in the core. Upon closing the circuit a cur- 
rent will begin to flow through the electromagnet coil. • This 
current will magnetize the core and thus cause a number of mag- 
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netic lines to thread through the coil. If the reeiatance R is 
varied, the current will change and, consequently, the number of 
magnetic lines threading through the coil is either increaeed or 
decreased. In other words, any change in the current is accom- 
panied by a change in the magnetic flux passing through the coil. 
According to the principle of electromagnetic induction, when- 
ever the magnetic flux in the coil changes, an electromotive force 
is induced in it. The electromotive force induced by the building 
lip or decay of the magnetic field within the coil, due to the varia- 
tion of current in the coil, is called the electromotive force of 
»elf induction. The induced electromotive force is in such a 
direction as to oppose the applied electromotive force. In other 
words, while the current is changing the electromotive force of 
self-induction opposes any change. 




From Fig. 39 it is evident that each magnetic line through the 
center of the coil is linked with each turn ; or what amounts to the 
same thing, the lines due to each turn are linked with every other 
turn as well. The electromotive force of self-induction then 
depends not only upon the current but also upon the arrangement 
of conductors in the coil. If is the total flux due to one turn 
through the coil, and if N is the number of turns, the total flux is 
A^*. This total flux is proportional to the current and hence we 
may write 

^ = N4, = LI. 
The constant L is catted the coefficient of self-induction, or 
simply the aelf-induciance of the coil. Dividing by / we have 



L = 
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From this expression the self-inductance or coefficient of self- 
induction of a coil may be defined as the ratio of the flux 
threading through the coil to the current producing it. 

The electromotive force of self-induction depends upon the 
time rate of change of the magnetic field in exactly the same 
manner as when the conductor is moved across a magnetic flux. 
Then if 

^ ^LI, 

^ ^LI 

t t 

if ^ changes xmif ormly during the time L As — is the time rate of 

change of flux, it is equal to the electromotive force of self-induc- 
tion; hence 

^ = * = H 

t t 

where - is the time rate of change of current. Dividing by - we 
t t ■' 

E 
get L — J' If f> does not change at a uniform rate, we may 

T 

represent the time rate of change by — = L — , whence in 

a' -p 

general E = L-^, and L = y-/ According to this expression 

the inductance L of a coil may be defined as the ratio of the 
induced electromotive force to the time rate of change of current. 

(g) Mutual Induction. — ^When two coils are situated so that the 
magnetic flux developed by a current in one coil threads through 
the other coil, a similar physical reaction or phenomenon results. 
Thus in Fig. 40 a current in coil A will produce a flux in the iron 
core and this flux will pass through coil B. This flux will induce 
an electromotive force in coil B. The development of an electro- 
motive force in one coil by a current flowing in an adjacent coil is 
called mutual induction. 

Self and mutual inductions are physical phenomena of the same 
natiure, and hence the same unit is used for their measurement. 

The unit of inductance is defined as the inductance in a circuit 
in which the induced electromotive force is 1 abvolt when the 
current changes at the rate' of 1 abampere per second, or it 
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^nay be defined as that inductance of a circuit in which unit flux 
is produced by unit current. 

39. Practical Electrical Units. — The absolute units defined in 
tlie preceding articles are not of a convenient magnitude to be 
used in practical measurement, and furthermore they are not 
readily determined. For these reasons multiples of these units 
i^a^vre been chosen for engineering calculations and measurements. 
Tli^ practical units have also been defined in terms of certain 
<i^fijiiite concrete standards which can be reproduced with reason- 
accuracy. 
tC Electric Current. — The transference of energy by water 
ough pipes is in many ways analogous to the transference of 
^^"^^Tgy by electricity, the terminology of the former method is, 
^ti.^i:efore, to some extent used in the latter. 




Fig. 40. 



When water flows through pipes, the energy transferred by it 
^^ a given time depends upon the current and head, or pressure, 
^he current is the number of gallons or cubic feet of water flowing 
l>er second or some other unit of time. The current is then the 
^ate of flow of water. 

Electrical energy may be transferred along a conductor, and 
Vrhile the energy is being transferred the conductor is surrounded 
V)y a magnetic field. The transfer of energy is said to be by 
tueans of a current of electricity. Thus, the rate of flow of elec- 
tricity is also called a current. The two cases are evidently 
ctnalogous. 

In measuring a water current it is possible to measure the quan- 
tity of water discharged during a given time, and thus the rate of 
flow. It is not practical to measure an electric current in this way. 
The electric current is measured by means of its effect, and any 
effect which is proportional to some power of the current strength 
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may be used for determining unit current, and hence, for measui 
ing the current. The practical unit current has been defined ii 
accordance with Faraday *s first law as follows: 

The ampereis the unvarying electric current which, when passe( 
through a standard solution of nitrate of silver in water, de- 
posits silver at the rate of 0.00111800 grams per second. An am- 
pere will thus deposit 4.025 grams of silver per hour. 

The ampere is one-tenth of the absolute electromagnetic unit ofc^ii»f 
current. 

Practical Unit of Quantity. — The quantity of water flow — ^s^^- 
ing through any given pipe in a given time may be expressedti^ -d 
as the strength of current multipUed by the time. That is, if a^E^- a 
unit current gives a cubic foot of water per second, a two-unitcB" -it 
current would give 2 cubic feet per second, or 4 cubic feet in 
seconds. 

Similarly, a unit current of electricity flowing for 1 second gives 
a definite quantity of electricity. This quantity is called the 
coulomb and is defined as the quantity of electricity conveyed by a 
current of 1 ampere in 1 second of time. The total quantity 
conveyed by a current of / amperes in t seconds is then given by 

Q = Itf assuming / to be constant. 

A coulomb is also equal to }{o or 10~^ times the absolute electro- 
magnetic unit of quantity. 

42. Resistance. — Every electrical conductor offers a resist- 
ance to the flow of electricity. This resistance depends upon the 
material of which the conductor is made, the length of the con- 
ductor, and its cross-sectional area. The resistance of a con- 
ductor is analogous to the resistance a water pipe offers to the 
flow of water. This resistance will depend upon the roughness of 
its surface, or upon the material of which it is made. A long pipe 
will offer more resistance than a short pipe of the same diameter, 
and a pipe of large diameter will offer less resistance than one of 
the same length but of smaller diameter. It must be remembered, 
however, that the cause of the resistance of a conductor to the 
flow of electrical current is not the same as the cause of the re- 
sistance of a water pipe to the flow of water. They are analo- 
gous only. 

The resistance of any conductor can then be written in the fol- 
lowing form : 

rl 

R = —rf 

A 
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where R is the total resistance, r the resistance of a piece of the 
conductor of unit length and of unit Cross-section, A its cross- 
sectional area, and I its length. 
The ohm is the unit of resistance and is defined as the resistance 

* 

offered to an unvarying electric current by a column of mercury at 
the temperature of melting ice, 14.4521 grams mass, of a constant 
cross-sectional area and of a length of 106.3 centimeters. The 
ohm is equal to 10® = 1,000,000,000 times the absolute electro- 
magnetic unit of resistance. 

The ohm is thus a definite quantity and the resistance of any 

rl 
conductor is expressed in terms of it. In the formula /? = -j-> 

I and A may be expressed in any units, provided r expresses a 
resistance based on these units. The definition given for the ohm 
assumes i to be in centimeters and A in square centimeters. In 
this country the American wire gage (Brown and Sharpe) has 
been generally adopted where agage is to be used. In many cases 
it is better to specify the actual diameter or cross-sectional area 
of a wire, and for this purpose the ''mil system" has been intro- 
duced. In this system the mil is the unit of length and is equal to 
0.001 inch. 

Since the areas of any two circles are proportional to the squares 
of their diameters, if the area of a circle 1 mil in diameter be taken 

« 

as the imit area, the area of any other circle may be expressed as 
the square of its diameter in mils. The unit area is called the 
circular mil and is, as above expressed, the area of a circle 0.001 
inch in diameter. Area in circular mils is equal to diameter in 
mils squared, and the area expressed in square measure is equal 
to 0.7854 X (P (diameter squared). The circular mil is, therefore, 
equal to 0.7854 of a square mil. 

It is seldom necessary to convert the area of round conductors 
into square measure. The wire tables which are in common use 
usually give the sizes in the American wire gage (A.w.g.), its 
diameter in mils, its area in circular mils, and various other 
properties of wire depending on the completeness of the tables.^ 

Wires larger than No. 0000 A.w.g., that is, of a greater diameter 
than 0.46 inch, are usually designated by their diameters in mils 
or their CBOss-sectional area in circular mils. 

The imit of a conductor most commonly used is a conductor 1 
foot long and 1 mil in diameter called the mil-foot. The resist- 

* Circular No. 31, Bureau of Standards. 
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ance of a mil-foot of copper of 98 per cent, conductivity is 9.61 

ohms at 0*^0. or 32°F. This value may be used in our resistance 

formula which then becomes 

o 9.61Z 

K = — 7 — » 
A 

I being expressed in feet and A in circular mils. 

43. Change of Resistance with Temperature. — The resistance 
of most conductors changes with the temperature. The resist- 
ance of pure metaUic conductors increases with increase in tem- 
perature. For pure metals the increase per ohm per degree is 
practically the same for all. This increase per ohm per degree 
change in temperature is called temperature coefficient of resist- 
ance, and for copper it is nearly 0.00393 per ohm per degree at 
20*^0. The resistance of a conductor at any temperature ^^'C. is 
given by the following: 

Rt = 2220 [1 + a(t - 20)]. 

B20 is the resistance of conductor in ohms at 20°C., a the tempera- 
ture coefficient, and t the temperature, in degrees Centigrade. 

A I ^^AAA aIvv — -V\AA/ B 



I 



7? 



Fig. 41. 



The resistance of most alloys also increases with increase in tem- 
perature, but to a much smaller extent than pure metalg. Thus 
an alloy of 84 parts by weight of copper, 12 parts by weight of 
nickel, and 4 parts by weight of manganese, called manganin, has 
a temperature coefficient of resistance which is negligible for 
practical purposes. Although the temperature coefficient of 
manganin is very sUght, it is positive between 0° and about 50*^0. 
When the temperature is increased above 50°C. the resistance of 
manganin sUghtly decreases. 

Carbon and all acid and salt solutions have negative tempera- 
ture coefficients of resistance. That is, the resistance of these 
decreases as the temperature increases. 

44. Conductors in Series. — When several conductors are con- 
nected in series, that is, end to end, the combined resistance is 
the sum of the resistances of the several conductors. Thus the 
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resistance R, Fig. 41, between the points A and B is equal to 
Ro "h Ri "h it2. 

46. Conductors in Parallel. — The conductance of a conductor 
is defined as the reciprocal of the resistance of the conductor. 

U Ris the resistance then p is the conductance. When conduc- 
tors are connected in parallel the resultant or joint conductance 
is equal to the sum of the conductances of the several conductors. 
The manner of computing the joint resistance will then be readily 
understood from Fig. 42. If fii, 122, and Rz are the several re- 
sistances connecting the points A and B, the conductances of 

11 1 

these branches are d"' dT ^^d d" respectively. CaUing the 

Ki K2 its 



pAAAAAAA 

aAa/v\a- 



La^Wna 



Fio. 42. 



joint resistance R, the joint conductance is -^, and according to 
what has just been said above we have 

R Ri XV2 Ri 

R^Rz ~f" R1R2 ~f" RiRi 



and 



R = 



RiRJRz 
RiR^Rz 



R1R2 "h R\Rz "h R2RZ 



In general, the joint resistance of several conductors connected 
in parallel is equal to the product of the several resistances 
divided by the sum of the partial products formed by multi- 
plying together all of the resistances less one. The same resist- 
ance must not appear in any product more than once. 
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Example 

Five resistances of 10, 15, 20, 25, and 30 ohms are connected in parallel. 
Calculate the joint resistance. 
Solution, — Given 

Ri = 10 ohms, 
1^2 = 15 ohms, 
Ri = 20 ohms, 
Ri = 25 ohms, 
Rh = 30 ohms, 

RiR^RiRiRh 



R = 



R\R2RiRa H" RiR2RiRb ~f" RiR^R^Rb ~l~ RiRzRtRb ~f" RiRiR^Ri 

RiR2RiR4R6 = 10 X 15 X 20 X 25 X 30 = 2,250,000 

RiRiRiRA = 10 X 15 X 20 X 25 = 75,000 

RiRiRiRB = 10 X 15 X 20 X 30 = 90,000 

RiR2RARi - 10 X 15 X 25 X 30 = 112,500 

RiRiRiRi = 10 X 20 X 25 X 30 = 150,000 

R2RzRJti = 15 X 20 X 25 X 30 = 225,000 



Sum of partial products = 652,500 

_ 2,250,000 _ 
^ - 652,500 ^'^^ ''^°^- 

46. Divided Circuits — Kirchoff's Laws. — In addition to the 
simple series and parallel connections shown in Figs. 41 and 42, 
conductors may be connected in various and much more compU- 
cated ways. The several electrical quantities involved in such 
a network can be evaluated by the aid of what are known as 
Kirchoff's laws; these are two in number as follows: 

(a) If several conductors carrying currents of dififerent in- 
tensities meet at a point, the sum of the intensities of all the 
currents which flow toward the junction point through these 
conductors is equal to the sum of all those which recede from it; 
or, in other words, the algebraic sum of all the currents which 
approach the point through the wires which meet there is zero. 

(6) If out of any network of wires which form a complex 
conductor a number of wires which form a closed circuit be 
chosen, and if starting at any point, we follow around the closed 
circuit in either direction, calling all currents positive which 
flow in the direction that we trace the circuit, and all those which 
flow in the opposite direction negative; and also calling all sources 



UNITS OF MEASUREMENT 



55 



of electromotive force positive that we encounter in the circuit 
positive when they tend to send the current in the direction of 
motion, and when they tend to send the current in the opposite 
direction negative, then the algebraic sum of all the products 
formed by multiplying the resistance of each conductor by the 
current flowing through it and all the electromotive forces en- 
countered is zero. In brief, the algebraic sum of the electro- 
motive forces and IR drops in a closed circuit is zero. 

These two laws are merely the statements of experimental 
facts. The first is an immediate consequence of the fact that 
there can be no growing accumulation of electricity anywhere 
in a circuit through which a steady current is flowing. 

That the second law is also true will be quite evident if we 
compare the voltage drops and rises in potential around a circuit 



/i?K-= 




— 'A 



Fio. 43. 



mth the descents and ascents in a road which traverses a country 
naking a complete circuit. It is very evident that a traveller 
'ollowing such a road will descend just as far as he ascends when 
tie returns to the starting point. Thus if we call a descent a ncjga- 
Ave elevation and an ascent a positive elevation, the algebraic 
3um of the elevations is zero. Examples will serve to make the 
sipplications of these two laws more clear. 



Example 

1. Pig. 43 represents a cube each edge of which is a conductor of 1 ohm 
resistance. A pressure of 10 volts is connccUid to two diagonaUy opposite 
corners. Find the total current in the circuit and also the nmistancc 
between the two corners A and O. 
Solution. — 

Let / = current supplied by the battery, 
Let i = current in conductor A B. 
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hen due to the symmetrical arrangement of the conductors 
t = current in AD, AE, FG, HQ, and CG, 



md 



2 i = current in BC, DC, BF, DH, EF, and EH. 



By Kirchoff's first law we have for the jimction point A, 
I = i + i + i. 



Or 
and 



/ =3i, 

1.^1 , 

By the second law, for the closed circuit ABCG and by way of the battery 
back to A we have, assimiing the battery wires to have no resistance: 

iXl +1% XI +tXl -10=0, 
or 

|/+J/+|/-10, 

g/=10, 

/ = 12 amperes. 
But by Ohm's law, 

R ^ Yy hence -^ ~ 10 ~ « ohm. 

2. Calculate the resistance between the points A and C, and the curren.t 
when the battery is connected to the points A and C, 

Solution, — From the symmetry of the figure, the currents in AB, AD, BC7, 
and DC are equal. Call one of these currents ii, and let U ^ the current in 
AE, This is also the current in GC, EF, FG, EH and HG each carry a cax*- 

rent equal to s U. 

By Kirchoff's law we have 

/ = ii + ii + 1*2 = 2ii + %2, 

By the second law for the circuit ADHE we have 

ii X 1 +0 X 1 - I i2l - 12 X 1 = 0, 



or 



^2 = o *!• 

Applying the second law to the circuit ABCK and back to A gives 

/ X + ii X 1 + ti X 1 - 10 = 0, 
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ii = 5, 

10 
t, = -3 » 

/ = 2ii + ii = 10 + -«^ = 13H amperes. 

_ E 10 .3 , 
/2 = jr = ^ =l^ohm. 



Further applications of these laws will be given in connection with three- 
wire circuits. 

47. The Practical Unit of Electromotiye Force. — Since the 
resistance of a conductor is comparable to the resistance offered 
by a pipe to the flow of water, and the electrical current is com- 
parable to the current of water, we may compare the electro- 
motive force or electrical pressure to the water pressure causing 
a flow of water. Although this comparison is not exact, it still 
serves to give a better understanding of the relation of the elec* 
trical quantities involved. Water pressure can be measured in 
terms of pounds per square inch, but usually it is expressed as a 
head of so many feet. In the same way, the difference of electri- 
cal pressure between the terminals of a battery may be considered 
as a difference of electrical level. The current will then flow 
from a point of higher to a point of lower electrical level, when the 
circuit is closed. This difference of electrical pressure or electro- 
motive force, is expressed in voltS; and the volt is defined as that 
difference of pressure which will cause a current of 1 ampere to 
flow through a resistance of 1 ohm. More concretely the volt 

may be defined as ^ r^-^ \of\ of *li® electromotive force of the Wes- 
ton normal cell at a temperature of 20°C. One volt is equal to 
10* absolute units of electromotive force. 

48. Practical Unit of Inductance. — The practical unit of induc- 
tance is the henry. It is defined as the inductance in a circuit in 
^hich, the induced electromotive force is 1 volt, when the current 
'iia,iiges at the rate of 1 ampere per second. The henry is equal 
o 10* absolute electromagnetic units. 

49. Practical Unit of Capacitance. — If two'^metal plates be 
-I>arated by a good insulator and tBe two plates be connected to 
soiu*ce of electrical pressure, a momentary current will flow into 
^^ plates. The intensity of the current will depend upon the 
bility of the plates to hold a charge of electricity. This ability 

6 
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of a conductor or a system of conductors, to store electricity is 
called electrical capacitance. The capacitance of a sj^tem of 
conductors is determined by their arrangement, number, and 
material separating them. The quantity of electricity that a 
condenser will hold is determined by the capacitance of the con- 
denser and by the electrical pressure appUed. Algebraically this 
is expressed by 

Q^EC, 

where Q is the quantity of electricity, E the pressure, and C the 
capacitance. 

Farad, — The unit of capacitance is called the farad and is the 
capacitance of a condenser which is charged to a difference of pres- 
sure of 1 volt by 1 coulomb. 

The farad is equal to 10-® = i qaa qaa aaa of *^® absolute 

electromagnetic unit of capacitance. But even the farad is far 
too large for ordinary use, and it is customary to express capaci- 
tance in terms of microfarads, a microfarad being (10"®) one- 
millionth of a farad. A microfarad is thus 10~^* of the size of the 
absolute electromagnetic unit of capacitance. 

60. Ohm's Law. — The fundamental relation between current 
and electromotive force was enunciated by Dr. G. S. Ohm in 1827, 
and is known as Ohm's law. It may be stated as follows: 

The current strength in any circuit is directly proportional to 
the sum of all the electromotive forces in the circuit. This rela- 
tion expressed algebraically is 

E = KI, 
or 

Y = K, Si constant. 

This holds for both direct- and alternating-current circuits so 
long as the physical conditions surrounding the circuit remain 
unchanged. For direct-current circuits K is equal to what is 
called the resistance of the circuit and under these conditions 

E = RI, 
or 

J = R, 
Thus the ratio of the electromotive force to current is constan 
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80 long as physical conditions remain constant. If, for instance, 
the temperature changes, this ratio will change. This is ex- 
plained by saying that the resistance changes. 

On alternating-current circuits the total electromotive force 
must include the electromotive forces of mutual induction, self- 
induction, and capacitance. Wh6n these are considered. Ohm's 
law as stated still holds. 

61. Conversion Factors. — Although it is not often necessary 
to convert the electrostatic units into the electromagnetic or 
practical units, it is sometimes essential. Likewise many calcu- 
lations are still made in the English system of units. To facili- 
tate these calculations the following conversion factors are 

appended : 

Electrical Units 



Practical units 


Absolute electromagnetic 
units 


Absolute electrostatic units 


1 ampere 


10"* abampere 
10~* abcoulombs 
10« abvolts 
10» abohms 
10* abhenrys 
10-» abfarads 
10^ ergs 
1 joule per second 


3 X 10» units 


1 coulomb 


3 X 10» units 


1 volt 


\i X 10"* units 


1 ohm 


]4 X 10"" units 


1 henry 


3^ X 10-" units 


1 farad 


9 X 10" units 


1 joule 




1 watt 


10^ ergs per second 





Recapitulation 

1. The fundamental scientific units of measurement are the centimeter, 
gram, and second. 

2. Absolute units of measurement are those based strictly upon the fun- 
damental units and can be expressed directly in terms of the fundamental 
Units without any multiplying or conversion factors. 

3. The basis of the electrostatic system of units is the force of repulsion 
between two equal and like electric charges. 

4. The basis of the electromagnetic system of units is the force of repul- 
sion between two equal and like magnetic poles. The electromagnetic 
system of units is the one commonly used in electrical engineering. 

5. The magnetic units of the electromagnetic system are: 

Unit Magnet Pole, — ^A magnetic pole is said to have unit strength if it 
^Xerts a force of 1 dyne upon an equal and like pole at a distance of 1 centi- 
*^eter in air. All magnetic material is assumed to be at infinite distance. 

Unit Difference of Magnetomotive Force. — A unit difference of magneto- 
^^aotive force is said to exist between two points when it requires an expendi- 
"^xire of 1 erg of work to move a north-seeking unit magnet pole from one point 
^o the other point. 
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Unit of Magnetic Reluctance, — ^A unit of magnetic reluctance is said to 
exist between two points when it requires a unit of magnetomotive force to 
develop one line of magnetic flux. 

The Unit of Flux Density. — The unit of flux density is one line of induction 
per square centimeter. 

The Practiced Electrical Units are: 

The ampere which is defined as the unvarying current which, when passed 
through a standard solution of nitrate of silver in water, will deposit silver 
at the rate of 1.118 miUigrams per second. 

The couLomh which is defined as the quantity of electricity passing any 
given point on a conductor in 1 second when 1 ampere is flowing. 

The ohm which is defined as the resistance offered to an unvarying elec- 
tric current by a column of mercury of constant crossnaection, at the tem- 
perature of melting ice, 14.4521 grams mass, and of a length of 106.3 
centimeters. 

100 000 
The volt which is defined as tn/oofl of the electromotive force of a Weston 

normal cell at a temperature of 20**C. 

The henry which is defined as the inductance of a circuit such that an 
electromotive force of 1 volt is induced when the current changes at the rate 
of 1 ampere per second. 

The farad which is defined as the capacitance of a conductor or system of 
conductors which will raise the potential of the conductor or conductors 1 
volt by a charge of 1 coulomb. 

6. The fundamental relation in electric circuits is expressed by Ohm's 
law; this is: 

or 

IR ^E, 

or 



CHAPTER V 

TRANSFORMATION OF ENERGY 

62. Introduction. — The process of the development and utili- 
zation of the electrical current is merely a process of transforming 
energy from one form into another form, transmitting it by wires 
to some other place, and there again converting it into usable 
form. Thus if a direct-current generator be driven by a water- 
wheel, the energy of the water, through the agency of the wheel 
and generator, is converted into the energy of the electrical 
current which may be transmitted by wires to motors, lamps, or 
some other device which again transforms the energy into heat 
and light as in the lamp, or mechanical energy as in the motor. 
The subject of energy and its transformation is thus very im- 
portant in the study of electrical machinery. 

63. Work. — ^Every one has some notion of the meaning of the 
word "work.'' We say that a man has worked hard when he 
has spent much mental effort in solving some problem. Like- 
wise we say a hod-carrier works hard when he carries bricks or 
mortar from the ground to the top of a building. The two cases 
are, however, evidently not the same. The degree of fatigue 
resulting may be the same, but it is plainly not like in kind. 
There is no way of physically measuring the mental effort, while 
the measure of the physical effort of the hod-carrier is the number 
of bricks and the elevation to which he has carried them. In 
mechanics the meaning of work is restricted and has reference 
solely to physical quantities. 

In the second illustration there are two factors that cause the 
fatigue of the hod-carrier: one is the force he must exert to raise 
the bricks, and the other is the distance through which he carries 
them. The work done thus contains the two elements, force and 
distance. Work, therefore, is that which is accomplished by a 
force acting through a distance and is measured by the product 
of the intensity of the force and the distance through which the 
force acts. Algebraically this is expressed by 

Work, W = Fd cos a, 

A1 
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where a is the angle between the direction of motion and the 
direction of the force, Fig. 44. F cos a is the component of the 
force in the direction OM, If the body moves in the direction 
of the force a = and we have 

W = Fd. 

It is worth noting that time does not enter into work. Work is 
merely the accumulated result, and the time required to accom- 
plish it is not considered. 

64. Unit of Work. — In the English system of units, the unit of 
work is the foot-pound and is represented by the quantity of work 
done in raising a pound weight 1 foot against the force of gravity. 
In the metric system, the unit of work is called the erg and is the 
quantity of work done by a force of 1 dyne acting through a 
distance of 1 centimeter. The erg is a very small quantity and 




Olir0ctiofi of motfon 
Fig. 44. 

hence 10,000,000 (= 10^ ergs are taken as the practical unit. 
The practical unit is called the jowie, and 3,600,000 joules are 
equal to 1 kilowatt-hour. The kilowatt-hour is extensively used 
in electrical calculations. 

66. Relation between English and Metric Units of Work. — - 
The unit of force in the metric system is the dyne. The dyne has 
been defined. Article 34. 

In the English system of units the unit of force is the pound. 
It is the pull of gravity upon a pound mass. Thus a pound force 
is capable of giving an acceleration of 32.2 feet per second per 
second to a pound mass. 
As the pound mass = 453.59 grams mass 

1 pound force = 32.2 X 30.48 X 453.59 dynes 

= 445,000 dynes, approximately 
1 foot-pound = 1 pound X 1 foot 

= 445,000 X 30.48 ergs 
= 13,563,600 ergs. 
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But 10,000,000 ergs = 1 joule. 

Hence 1 foot-pound = 13,563,600 -^ 10^ = 1.356 joules. 

Examples 

1. The diameter of the cylinder of a steam engine is 24 inches. The piston 
moves a distance of 24 inches at each stroke. What work in foot-ponnds 
will be done at each stroke if the average steam pressure is 125 pounds per 
square inch? 



SoliUion. — 



Hence 



Work = Fd 

F = total pressure on the piston 

= TT X 12» X 125 
d = 24 -h 12 = 2 feet. 

IT = 2 X TT X 12» X 125 
= 113,098 foot-pounds. 



2. How many joules, and how many kilowatt-hours of work will be done at 
each stroke of the piston mentioned in example 1? 
SoliUion. — 

1 foot-pound = 1.356 joules. 
Hence 113,098 foot-pounds = 113,098 X 1.356 

= 153,361 joules 
1 kilowatt-hour = a,600,000 joules. 
Hence 153,361 joules = 153,361 -i- 3,600,000 

= 0.0426 kilowatt-hours. 

66. Energy. — Energy and work are closely related. When a 
body has been lifted to a certain height, a definite amount of work 
has been done upon it. This work in foot-pounds is equal to the 
product of the height in feet by weight in pounds. The body, 
when elevated, possesses something which it does not possess at 
a lower level. Again, water at the top of Niagara Falls is capable 
of doing work by being run through a waterwheel. When it 
leaves the waterwheel and enters the river at the bottom of the 
falls, it is no longer capable of doing work. That is, it has 
parted with its abihty to do work in descending from the top to 
the bottom of the falls. The energy of a body or a system of 
bodies is its capacity for doing work. It is measured by the 
work which can be performed. 

Energy is classified under two heads potential and kinetic. 
The energy that a body possesses by virtue of its position is called 
potential. Thus, the water at the top of the falls is capable of 
doing work on descending to a lower level. It thus possesses 
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energy of position. Similarly, a body lifted to a given height 
possesses energy of position. If the body be dropped, the eleva- 
tion will decrease, but its energy will not decrease until it strikes 
the earth and transfers its energy to some other body. When 
only a short distance, say 1 inch, from the lowest point in its fall, 
its energy of position is very small, and just before it strikes, the 
energy of position is practically zero. The velocity of the body is 
maximum or greatest at the time of striking, and zero at its 
highest point. The total energy of the body thus consists of 
energy of position and energy of motion. The energy due to the 
velocity of the body is called kinetic. The simple pendulum wH 
help make this clear. The simple pendulum at the extreme posi- 
tion of its swing. A, Fig. 45, possesses energy due to its elevation. 




When released, this elevation decreases until the pendulum 
reaches the lowest point, B, of its swing when its elevation is zero, 
but its velocity is a maximum. The potential energy has all been 
changed to kinetic. As the pendulum passes beyond the middle 
point of its swing, the velocity decreases, hence its kinetic energy 
decreases; the elevation of the pendulum increases and, there- 
fore, the potential energy increases. This change continues 
until the pendulum reaches the other extremity, C, of its swing, 
when the energy is again wholly potential. The sum total of 
the energy of the pendulum is constant at any point of the swing. 
That is, the sum of its kinetic and potential energy is a constant 
quantity. 
As already stated, the unit of energy is the same as the irnit of 



work, and the energy of a body is equal to the amount of work 
expended upon the body. This is a simple statement of the fun- 
damental principles of dynamics, viz., the principle of the con- 
servation of energy. Newton limited his laws to motion. In 
reality this third law may be considered as applying to energy aa 
well. Thus, the statement "action is equal to reaction" ia also 
true with reference to the expenditure of energy. No body ia 
capable of doing work unless work is first done upon it. All 
machines act simply as means of transferring energy from one sys- 
tem to another system. The full appreciation of this principle is 
of comparatively recent date. Perhaps the most important dis- 
covery in the realm of mechanics is the following: The sum of 
kinetic and potential energies of a body or system of bodies is a con- 
stant qitanlity, unless it be changed by some external influence. In 
other words, the energy of a system cannot be created or annihi- 
lated. No human being can create or destroy energy. A dis- 
tinction must, however, be made between the total amount of 
energy of a body or system of bodies, and the amount of energy 
that the system is capable of transferring to another system. In 
all mechanical operations some energy is dissipated or wasted or 
becomes unavailable. For instance, a simple pendulum released 
at the extreme position of its swing, will not of itself reach the 
same point on its return. This is due to the fact that some of its 
energy has been transferred to the air, and another portion has , 
been dissipated on account of the friction and stiffness of the 
string supporting it, etc. Similarly some of the energy delivered 
by a steam engine to an electric generator is wasted in friction 
of the air, at the bearings, brushes, etc. The law of the conser- 
vation of energy is fundamental in all energy transformations. 

57. Power. — In everyday usage, the word power has many 
different meanings. It is often confused with work. Power is 
not work, but the time rate of doing work. As an illustration 
suppose that one man carries 2,000 bricks to the second story of a 
building in 1 day while it takes another man 2 days to do the same 
work. Evidently, the total amount of work done in the two cases 
is the same although the rate at which the work ia done is differ- 
ent. The second man's rate of doing the work is only one-half 
that of the first man's rate. Technically, this is explained by 
saying that the powers of the two men are different. The power 
of the first man is double that of the second man. Power is then 
the amount of work done in some unit of time. In engineering 



66 DIRECT-CURRENT MACHINERY 

practice the unit of time is usually the minute or second. In 
algebraic symbols power is expressed by 

_^ _ work W 

Power, P = T' = -r 

time t 

t 
or 

p X ^ = F X d = work. 

68. Units of Power. — In the British system of units, the unit of 
power is the rate of doing 33,000 foot-pounds of work in 1 minute. 
This unit is called the horsepower. In the metric system the cor- 
responding unit is the kilowatt. The kilowatt is the rate of doing 
1,000 joules per second. One joule per second is called the waU. 

It has been shown that 1 foot-pound equals 1.356 joules; there- 
fore, 33,000 foot-pounds equal 33,000 X 1.356 = 44,748 joules, 
and, one horsepower equals 44,748 joules per minute. One kilo- 
watt equals 60,000 joules per minute, hence 

44 748 
1 bp. = ar!iM\r, = 0.746 kUowatt 

oU,UUU 

= 746 watts. 

Approximately, 1 horsepower equals ^ kilowatt, or conversely 
1 kilowatt equals % horsepower. A knowledge of these relations 
is useful and they should be remembered. 

Examples 

1. How much energy is stored in a tank of water containing 1,000,000 
gallons if the average height to which the water has been pumped is 100 feet? 

Solution. — One gallon of water weighs about 8.35 pounds. 1,000,000 
gallons weigh 1,000,000 X 8.35 = 8,350,000 pounds. To raise 8,350,000 
pounds of water 100 feet high will require an expenditure of energy of 
8,350,000 X 100 = 835,000,000 foot-pounds. This is the stored or poten- 
tial energy of the water. 

2. What must be the horsepower of an engine to pump the water in ques- 
tion 1, in 5 hours? 

Solution. — One horsepower = 33,000 foot-pounds per minute. In 1 hour 
an engine of 1 horsepower will perform 

33,000 X 60 = 1,980,000 foot-pounds. 

In 5 hours it will do 5 X 1,980,000 = 9,900,000 foot-pounds. To do 
835,000,000 foot-pounds will require 835,000,000 -^ 9,900,000 = 84 + 
horsepower. 
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3. If an electric motor were used in place of the engine, what would 
Iterating be in kilowatts (neglecting Iobscd)? 
Solulion. — One horsepower = 746 watts 

= 0.746 kilowatts. 

84 horsepower = 84 X 0.748 = 62.66 or 63 kilowatts. 

59, Electricity and Electrical Energy.^ — It is impossible at 
present to explain electricity In terms of anything more elemental 
than itself. We know electricity only through its manifestations 
lor effects. It matters not, so far as practical results are con- 
cerned, whether electricity is a form of energy or only a vehicle of 
energy. The fact is that energy is always manifest in connection 
irith the electrical current, and that thisenergy can be transformed 
into other forms of energy. It may also be transferred from 
"point to point along a conductor without the necessity of mass 
JHotion. It is this ability to transfer energy without the motion 
;flf masses of matter that makes electricity the most successful 
medium for transferring energy over long distances. The trans- 
formation of electrical energy is electrical work and is accomplished 
in many ways. The rate of transformation is power just as in 
&e case of other forma of energy. 

60. Electrical Work.^The derivation of the principles of elec- 
krical work or energy will undoubtedly be better understood if 
BJialogies are used. The quantity of water flowing through any 
pipe in a given time may be expressed as the strength of current 
bultipliedby the time. Aunitcurrent of water has no name. If 
kiinit current gives a cubic foot (62,3 pounds) of water in 1 second, 
t two-unit current will give 2 cubic feet of water per second or 10 
nibio feet in 5 seconds. 

Similarly, a unit current of electricity flowing for 1 second 
Ipves a definite quantity of electricity. This quantity ia called 
the coulomb. The total quantity conveyed by a constant current 
Df / amperes in ( seconds is then given by Q = /(. Again, refer- 
ring to the analogy of water iiowing through pipes one may con- 
(ider unit work to be done when 1 cubic foot of water is delivered 
Under a head of 1 foot. The amount of work done by a head of 
Kfeet, delivering q cubic foot of water will be hq. But electrical 
pressure is analogous to water pressure, or head ; and the quantity 
of water is analogous to the quantity of electricity or coulombs. 
A. current delivering Q coulombs of electricity under a pressure of 
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E volts will then do EQ units of work. This may be expressed 
algebraically, thus: 

Work = E (volts) X Q (coulombs) 
= EQ joules. 

The relations between volts, coulombs, and joules are such that 
the product of 1 volt by 1 coulomb gives 1 joule. It has been 
shown, however, that Q, the quantity, is equal to Itj the current 
by the time. We may then write the expression for work thus: 

Work, W = Elt 

When £? is in volts, / in amperes and t in seconds, the result is in 
joules. If Ms 1 second, we have 

W = EI joules per second. 

One joule per second is 1 watt, hence in direct-current calculations, 
volts X amperes gives watts. In electrical work the joule is a small 
unit of energy so 1,000 watts for 1 hour is usually used. This 
unit is called the kilowatt-hour. 

Examples 

1. What power is being developed by a direct-current generator when it is 
delivering 84 amperes under a pressure of 250 volts? 

Solution. — 

Power in watts = volts X amperes 

= / X^ 
/ = 84 amperes 
E = 250 volts. 
Hence P = 250 X 84 = 21,000 watts 

1,000 watts = 1 kw. 
Then Pa« = 21,000 -^ 1,000 = 21 kw. 

2. An electric heater takes 7.5 amperes at a pressure of 110 volts. How 
much will it cost to operate the heater for 1 month, 30 days, if it is operated 
on an average of 8 hours per day, at 5 cents per kilowatt-hour? 

Solution. — 

lEt 

Energy consumed = kilowatt-hours 

^^ 1,000 

I = 7.5 amperes 
JS7 = 110 volts 
< = 8 X 30 hours 

7.5 X 110 X 8 X 30 ^^^ , ., ^^ ^ 
Hence energy = = 198 kilowatt-hours. 

Cost = 198 X 0.05 = $9.90. 
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8. A direct-current generator supplies energy to a street railway motor. 
If the pressure at the generator is 550 volts and that at the motor 500 volts, 
what power is lost on the line when 75 amperes are flowing? 

Solution, — ^The loss in pressure is 50 volts, hence the power lost is 

75 X 50 = 3,750 watts 

= 3.75 kilowatts. 

61. Power Loss. — ^According to Ohm's law the pressure drop 
across a resistance R, when a current of / amperes is flowing is 
IXRoT 

E = I XR. 

If -B is the pressiu^e which sends a current of / amperes through 
the resistance, then the power spent in the resistance is IE watts. 
Multiplying both sides of E = IR by I we get 

EI = PR. 

Since IE is the rate at which energy is spent in the resistance, 
and IE = PR, then the power loss is equal to PR watts. That 
is, the energy spent per second in forcing a current through a 
resistance is equal to the square of the current multiplied by 
the resistance. 

Examples 

X«. The resistance of a shunt field winding of a motor is 40 ohms. What 
^ IX)wer loss in the winding when 2 amperes are flowing? 
S^AvXion, — 

P ^PR 
J = 2 amperes 
/2 = 40 ohms, 
ice P = 4 X 40 = 160 watts. 



^* A projection lantern is operated on a 110-volt circuit. The resistance 
P^ 't^lie controlling rheostat is 3.5 ohms. If the voltage drop across the lamp 
*® ^KJ volts, what current does the lamp take and how much power is lost in 
rheostat? 
^€»lvUon, — ^The voltage drop across the rheostat, which must be the differ- 
between the drop across the lamp and the supply voltage, is 110 — 50 » 
^^ "v-olts. By Ohm's law, 

'-« 

^ =60 
R ™ 3.5. 

Then J = - = 17.1 amperes. 

3.5 

'^'^^ power loss is l^R = 17.1 X 17.1 X 3.5 

= 1,023 watts, nearly. 
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8. A transmission line consists of two No. copper wires and is 5 miles 
long. How much power is wasted in the line when 75 amperes are flowing? 
Solution. — 

P - PR 

7 = 75 

R = resistance of 10 miles of No. wire 

= 10 X 0,528 = 5.28 ohms (resistance of No. wire - 0.628 
ohm per mile). 

Then P = 75» X 6.28 

= 29,700 watts 
= 29.7 kilowatts. 

62. Heating Value of the Electric Current. — The power loss 
in a conductor is given by PR, This is all converted into heat 
and the exact relation was first determined by James Prescott 
Joule, an EngUsh physicist. He did this by immersing a con- 
ductor of known resistance into a known weight of water and 
measuring the current, time, and temperature. The results of 
his experiments show that the heat generated in a conductor is 
proportional to the time the current flows, to the resistance, and 
to the square of the current. This condition may be written in 
algebraic form as follows: 

Heat = KPRL 

This is evidently the energy loss in a conductor multipUed by a 
conversion factor K, This factor is introduced on account of the 
fact that the unit for the measurement of heat is not the same as 
that for the measurement of electrical energy. The unit for 
heat measurement is the quantity of heat required to raise the 
temperature of 1 gram of water from 15° to 16®C., and is called 
a calorie. The calorie is equal to 4.181 joules. That is, the 
heat unit is 4.181 times the electrical unit. To convert joules to 

calories we must multiply the joules by 7T^ = 0.24. This 

0.24 is the constant K which we can replace and get 

Heat, in calories, = 0.247^22/, 

where I is in amperes, R in ohms, and t in seconds. 

The mechanical engineering unit of heat is called the British 
thermal unit, which is abbreviated to B.t.u. A B.t.u. is the heat 
required to change the temperature of 1 pound of water 1 degree 
Fahrenheit. One B.t.u. = 252 calories. 
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Bzamplef 

1. How many calories of heat per hour are developed in an electric beater 
which takes 7,5 amperes at 110 volts pressure? 
SoliUion, — 

Heat in calories - 0.24Pm 

- 0.24EIt 

I — 7.5 amperes 
E - llOvolU 
/ « 3,600 seconds. > 
Hence, Heat - 0.24 X 7.6 X 110 X 3,600 

- 712,800 calories. 

83. Conversioii of Mechanical into Electrical Energy. — In 
Article 52 it was pointed out that the development of an electric 




Fia. 46. 

f^''**ent i« merely a proccHs of tranHformation of energy. Then 
^^ -Article 56 it wa« shown that no energy can be mechanically 
^^^^^sferred or transformed, unless there is a reaction Ix^tween the 
dift^rent parts of the system. 

T"liuH the kinetic energy of the steam is transferred to the piston 
^i t.lie engine only if the piston reacts or push(is against the pres- 
sure of the steam. Likewise no energy can be stored in the 
"ywheel unless the flywheel reacts against the driving force. 
This principle has many appUcations. 



i 
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In Fig. 46, if the conductor be moved across the magnetic field 
at a uniform rate a constant electromotive force will be induced in 
it. It has been shown that the electromotive force induced de- 
pends upon the rate of cutting the magnetic lines. When the cir- 
cuit is closed a current will flow in accordance with Ohm's law. 
It has, however, just been shown that the product of Elt is 
energy. Hence, when a current flows in the conductor, some 
energy is being transferred to the conductor. Where did this 
energy come from? If the circuit is left open, an electromotive 
force is induced but no current flows, hence no energy is being 
transformed. If an experiment is performed to test the matter it 
will be found that it requires more effort to force the conductor 
across the field when the circuit is closed than when it is opened. 
The energy must come from the agent driving the conductor 
across the field, and there is a reaction against the driving force 
when the circuit is closed and no reaction when it is opened. 
The amount or value of this reaction may be determined in 
accordance with principles already established. 

It was shown in Article 19 that a force is exerted upon a 
current-carrying wire by a magnetic field, and that the value of 
this force is 

F = IBl dynes, 

when /, By and I are measured in absolute units. 

This force must be overcome in moving the conductor across 
the magnetic field. If V is the speed at which the conductor is 
moved, then FV = IBIV is the power developed in the conductor. 

It has also been shown that BIV is the electromotive force 
developed. Hence FV = IE. 

When / is given in amperes and E in volts, then FV = }/ioI 
X E XW == I X E X W ergs per second, 

FV = IE joules per second 
or = IE watts. 

FV is the mechanical power, and EI is the electrical power de- 

IE 

veloped. The force F = -y opposes the motion. If the velocity 

V changes, the electromotive force E varies directly as V. 

Examples 

1. What force will be required to move a short-circuited conductor across 
a magnetic field of 5,000 gausses if the conductor is 100 centimeters long, 
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moves at a unifonn speed of 100 centimeters per second and the circuit has a 
resistance of 0.04 ohm? 
Solution. — 

^ - V 

^ R 

E ^BIV 

E = 5,000 X 100 X 100 

= 50,000,000 absolute units of pressure ^ 
50,000,000 



/ = 



F = 



0.04 X 10» 
= 1.25 absolute units of current i^ 
50,000,000 X 1.25 



100 

= 625,000 dynes 
625,000 



445,000 



= 1.4 pounds. 



2. What force will be required to force the conductor across at the rate of 
200 centimeters per second? 
Solviion. — 

E = 5,000 X 100 X 200 

, 5,000 X 100 X 200 ^ - , , , ., 

i = 7r7\r^j~^i\i =2.5 absolute umts 

0.04 X 10" 

_ 5,000 X 10 X 200 X 2.5 , ^^^ ^^ . 

F = — 200 ^ 1,250,000 dynes 

= 2.8 pounds. 

The reaction is thus directly proportional to the speed. It must be noted 
that this is true only so long as the resistance of the circuit and the flux den- 
sity remain constant. 

Recapitulation 

1. Work is defined as the product of a force and the displacement pro- 
duced J>y or against this force in the direction of the force. 

(a) The unit of work in the EngUsh system of units is called a foot-pound. 
The foot-pound is the work done in lifting a weight of 1 pound 1 foot high 
against gravity. 

(6) In metric units the unit of work is the joule. A joule is equal to 
10,000,000 ergs. An erg is the work done by a force of 1 dyne acting 
through a distance of 1 centimeter. 

2. Energy is the ability of doing work. The units for measuring energy 
are the same as those for work. 

3. Power is the time rate of doing work. 

(a) The English unit of power is the horsepower. A horsepower is the rate 
of doing 660 foot-pounds of work per second. 

(6) The metric unit of power is the watt. A watt is the rate of doing 1 joule 
per second. One horsepower = 746 watts. A kilowatt = 1,000 watts. 
7 
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4. Work in direct-current circuits is obtained by multiplying volts by 
amperes by time. Algebraically it is given by 

Work = Eli. 

The commercial unit for electrical energy or work is the kilowatt-hour. A 
kilowatt-hour is the work done by 1 kilowatt in 1 hour; it equals 3,600,000 
joules. 

6. Power in direct-current circuits is obtained by multiplying volts by 
amperes, or 

Power = El watts. 

6. Power loss is the loss of energy per second when a current of I amperes 
flows through a resistance R ohms. It is equal to l^R watts. 

7. A calorie is the quantity of heat required to raise the temperature of 1 
gram of water from 15° to 16°C. One calorie = 4.181 joules. 

A British thermal unit is the quantity of heat required to change the tem- 
perature of 1 pound of water 1 degree Fahrenheit. One B.t.u. = 252 calories. 

The heat generated by a current of I amperes in a resistance of R ohms in 
time t seconds is given by 

Heat (calories) = 0.24J^Rt calories 

= 0.24 watt X t. 
■ Heat (B.t.u.) = 0.00095/2/2^ 

= 0.00095 watt X «. 

8. When a wire is moved across a magnetic field, there will be developed 
a reaction against the motion only when a current flows in the wire. By 
means of this reaction the mechanical energy of the agent moving the wire is 
converted into electrical energy. The reaction is due to the interaction of 
the magnetic field inducing the electromotive force and the magnetic field 
of the resulting current. 



CHAPTER VI 
THE CONTINTJOUS-CXJRRENT GENERATOR AND MOTOR 

64. Introductioii. — The student has now learned that when- 
ever a wire is cut by, or cuts across, a magnetic field, an electro- 
motive force is induced or developed in it. It has also been 
shown that when a wire is short-circuited or connected in such 
a manner that a current can flow, a force must be exerted to 
move it across a magnetic field, or in other words, the process of 
generating an electrical current is merely a process of the con- 
version of energy. A machine which is used for converting 
mechanical energy into electrical energy is called an electrical 
generator, or sometimes a dynamo. The former appellation is 
preferable, for the word dynamo has a more general meaning 
and includes machines which also convert electrical energy into 
mechanical energy, that is, 7Jiotors. 

65. AContinuous-current Generator — commonly called adireci- 
current generator — is a machine which produces at the brush ter- 
minals a continuous or unidirectional 
electromotive force by the rotation of 
one or more conductors in a magnetic f 
field. 

66. The Faraday Disk Generator.— 
The first electrical generator was in- 
vented by Michael Faraday. The device 
was extremely simple as is shown by 
Fig, 47. This .simple generator consisted of a disk of copper 12 
inches in diameter mounted on a shaft so that it could be ro- 
tated, A permanent magnet was placed with its poles on oppo- 
site sides of the disk and near its edge. When the disk was 
rotated each radius cut the magnetic flux which penetrated the 
disk in passing from the JV-pole to the S-pole of the magnet. 
This cutting of the magnetic lines induced an electromotive force 
which, when the circuit was closed, sent a current from the 
shaft outward as indicated by the arrow. This same principle 
is used today in the retardation disk of watt-hour meters, 
Fig. 48. 

8 75 
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For many self-evident reasoos, the Faraday disk generator was 
not capable of developing any considerable pressure; it was im- 
portant, however, as it led to the development of other forms 
which were better adapted for the generation of higher pressures, 
67. The Elements of a Generator.— -As has been pointed out, 
the necessary elements of a machine for the generation of an 
electromotive force are a magnetic field and a conductor or con- 
ductors which can be caused to move across the field. The con- 
ductors in which an electromotive force is induced are usually 
called inductors, a term we shall hereafter employ. The simplest 
form of such a machine is shown 
in Fig, 49. A loop of wire is 
mounted on a shaft so that it 
can be rotated on its axis and 
made to "cut through the mag- 
net flux passing from the JV-poIe 
to the 5-pole. At the instant 
when the plane of the loop is in 
the vertical position, as shown 





■ dir( 

■ left 

■ loo] 
I ton 



by the full lines, the inductors are moving parallel to the Unea t 
magnetism; no magnetic lines are being cut and, hence, no elec- 
tromotive force is induced. 

When the plane of the loop is in the horizontal position, as 
shown by the dotted lines, the inductors are moving at right 
angles to the flux ; the rate of cutting the magnetic lines is a maxi- 
mum and the pressure induced is also a maximum. 

68. Direction of Induced Electromotive Force. — When the in- 
ductors are rotated in the direction indicated in the figure, the 
direction of the induced pressure is from front to back in the 
left side of the loop, and from back to front in the right side of the - 
loop. These directions are indicated by arrows near the induc- 
tors. The application of Fleming's right-hand rule will enable 
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the student to verify this. The electromotive forces in the two 
sides of the loop will tend to cause a current to flow in the same 
direction around the loop and the electrical pressure, between 
the ends of the loop, will be the sum of the pressures induced in 
each of the two inductors, or sides of the loop. 

When the plane of the inductors is rotated one-quarter of a 
rotation farther, it will again be in a vertical position, but the 
position of the inductors will be interchanged ; the inductor which 
was at the top in the first instance is now at the bottom, and vice 
versa. As the loop passes this point it again begins to cut the 
m^netic fi,ux, and an electromotive force will be induced in the 
inductors, but as the position of the inductors has been inter- 
changed, the electromotive force will be reversed with reference 
to that of the first half rotation; that is, the direction of the in- 



diiced electromotive force and of the resulting current is reversed 
ev-«ry time the inductors turn through an angle of 180°, measuring 
fro-m the vertical position. If two rings be attached to the loop, 
oin».e being connected to each end, and the two rings be mounted 
sc» as to rotate with the shaft, the pressure between these rings 
^viXl reverse every time the loop passes through the vertical posi- 
*^o», or every time it makes one-half rotation measuring from the 
"^^»~tical position. Current can be taken from these rings by 
P^^cing a brush on each, as shown in Fig. 50, and connecting 
t'ts-^m to a conducting circuit. 

Since the direction of the induced electromotive force reverses 
^"^^ry one-half revolution, the flow of current in the circuit will 
^^ correspondingly reversed, that is, an alternating current will 
^^'^'W in the circuit. This changing of current from zero to a maxi- 
*^liin value, then decreasing to zero, reversing, building up to a 
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maximum value in the opposite direction and then decreasing to 
zero again is shown in Fig. 51. 

When the plane of the inductors is in a vertical position, as 
shown by the full lines, Fig. 49, the pressure is zero corresponding 
to point Ay Fig. 51. 

69. Fluctuation of Induced Electromotive Force. — In Article 
30 it was shown that the electromotive force induced in a con- 
ductor at any instant is given by e = Blv sin B, where B is the 
angle the plane of the conductor makes with the plane normal, 
or at right angles, to the magnetic flux. This is the same as the 
angle the direction of motion makes with the direction of the 
magnetic lines. 

The quantity Blv is constant, assuming constant speed of rota- 
tion, hence the induced electromotive force varies as the sine of 




mo" 



Fig. 61. 

the angle the direction of motion of the inductor makes with the 
direction of the magnetic lines, or the sine of the angle the plane 
of the inductors makes with the plane normal to the magnetic 
field. The induced electromotive force is thus a periodic quan- 
tity. We may represent the variations in the induced electro- 
motive force graphically. If in Fig. 51 we let ^C represent 360° 
of arc, or the angle described by the rotating inductors in one 
rotation, one-eighteenth oi AC will represent an angle of 20°, 
one-eighth of -AC will represent an angle of 45°, one-fourth of 
^C an angle of 90°, one-half of AC an angle of 180°, etc. These 
points are marked 20°, 45°, 90°, 180°, 270°, and 360°, respectively, 
in the diagram. If at these points of division we draw vertical 
lines proportional to Blv sin B for that particular value of B, this 
vertical line will represent the induced electromotive force at 
that instant. As 

e = Blv sin B 
when ^ = 0, sin ^ = 0, and 

e = 0, 
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This is the point A, zero distance above AC. 

When 6 = 20°, sin 6 = 0.324 and e = 0.32Wlv. 

At the point on ^C marked 20° we erect a line proportional to 
0.324BZt;; we get a line which represents the magnitude of the 
induced pressure at that instant. In the same way when = 
45°, sin ^ = 0.707, and e = OJOlBlv, and the vertical line at the 
point marked 45° represents the electromotive force induced 
in the inductors when they have made one-eighth of a rotation. 
When the inductors have made one-fourth of a rotation = 90°, 
sin ^ = 1, and e = Blv. This is the maximum value that the 
pressure can attain, hence we may replace Blv by E^j where Em 
represents the maximum electromotive force, and the line drawn 
from the point 90° to a represents this maximum pressure. Our 
general expression for the instantaneous pressure then becomes 

e = Em sin 0, 

As ^ is a uniformly varying angle, we can replace it by cot where co 
is the angle described by the inductor in 1 second, and t is the 
number of seconds that have elapsed since the plane of the con- 
ductors passed through the vertical position. Replacing by cot 
we have 

e = Em sin cot 

w-liich is the most common expression for the instantaneous elec- 



tromotive force. 




When ot = 0° 


e = 


When ot = 20° 


e = 0.324Em 


When ot = 45° 


e = 0J07Em 


When ot = 90° 


e = Em 


When ot = 180° 


e = 


Wlien ot = 270° 


e = -Em 



etc. etc. 

As the inductors revolve through an angle greater than 90°, 
the Value of sin cot decreases, hence the lines representing the in- 
duced electromotive force will grow shorter and shorter until 
^hen one-half revolution has been made the induced electro- 
motive force is again 0. During the second half of the revolu- 
*^^n the induced electromotive force will pass through the same 
values except that in each inductor the pressure will be reversed. 
^ We have plotted the values of the electromotive force for the 
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first half of a revolution above the line AC, we must plot the 
values for the second half of a revolution below the line. Joining 
the extremities of the vertical lines by a smooth curve, we get 
the curve AaBDC, which shows how the induced electromotive 
force varies in the inductors as they revolve across a uniform 
m^netic field. In the simple generator just explained the arma- 
ture is the rotating part of the generator, while the magnetic 
field is stationary. This is always the case in directHjurrent or 
continuous-current machines. It is not always so with alter- 
nating-current machines. 

70. The Commutator.— We have just seen that when a single 
loop armature rotates in a magnetic field an alternating electro- 
motive force is induced in the inductors. This is evidently true 
no matter how many inductors are rotated across the field. Each 



and every inductor will have the electromotive force induced in 
it reversed every time it passes from under one pole and begins 
to cut across the fiux under a pole of opposite polarity. In order 
to dehver a continuous, or unidirectional current to a receiving 
circuit, such as lamps or motors, it is necessary to commutate 
or reverse the direction of the armature current every time the 
electromotive force is reversed. This is done by interchanging 
the connections of the armature inductors with the external, or 
receiving, circuit every time the electromotive force in the in- 
ductors is reversed. The device used for interchanging the con- 
nections is called a commutator. A simple device for commuta- 
ting the current from a single loop armature may be made by 
cutting in halves a shoit piece of brass or copper tubing and 
mounting the two pieces on the shaft of the loop. The two parte 
of the commutator are insulated from each other, and from the 
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shaft ; one end of the loop is connected to each half. Two brushes 
are placed diametrically opposite on the commutator and set in 
such a position that the parts of the commutator will pass from 
one brush to the other at the instant the pressure is zero. The 
arrangement of these parts is shown in Fig. 52. 

With the coil in the vertical position, as shown, there is no 
pressure induced and hence there will be little or no sparking as 
the commutator parts or segments move from one brush to the 




other. During the first half revolution from this position current 
will flow through the loop from front to back in A, and back to 
front in B, toward the top brush X, through the external circuit 
to X' and through the loop from X' to X. When the loop starts 
the second half revolution, the segments of the commutator have 
passed under dlEFerent brushes. The conductors A and B will 
be in the position shown in Fig. 53 or interchanged from that of 
Fig. 52. The current will flow through the loop from front to 



t* ewk in B and from back to front in A, and to the top brush X. 
I^lat is, the direction of current in the loop is reversed but the 
segments have changed contact from one brush to the other so 
fcVje current flows in each of the above cases to the same brush X. 
T'le brush X is the positive brush and the current Bows in the 
^■asternal circuit from X to X', although it reverses in the loop 
^~B. This device will, by means of the inductors, commutator, 
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and brushes, give a flow of current in one direction through the 
external circuit, but the current will vary in value from zero to 
a maximum and fall to zero, twice in each revolution of the loop 
in a two-pole field, that is, the current will be unidirectional but 
pulsating. Fig. 54. 

71. The Value of an Electromotive Force Induced in a Single- 
loop Armature. — It has been shown. Art. 29, that the average 
pressure induced in an inductor as it cuts across a flux $ is equal 
to the rate at which the flux is cut. Algebraically 

If, in Fig. 52 or 53, a flux ^ extends from the AT- to the /S-pole 
through the armature, and if the armature makes n rotations per 
minute, then each inductor will cut the flux twice in one rotation. 
In n rotations each inductor will cut the flux 2n times. Hence, 
in each inductor there will be induced a pressure 

As the two inductors are connected in -series, the total voltage 
will be twice that induced in one inductor. Hence, the pressure 
between the brushes will be 

In general if there are Z inductors connected in series the voltage 
between the brushes for a two-pole generator is given by the 
expression 

2nZ$ -, 

^ = 60 X 10« ^^^*'- 

Examples 

1. Assume the cross-sectional area of the poles in Fig. 49 to be 800 square 
centimeters, and that the flux density is 5,000 lines of induction per square 
centimeter. What is the pressure between the brushes when the single loop 
armature makes 3,600 rotations per minute? 



Solution. — 



n = 3,600 

Z = 2 

* = 5,000 X 800 = 4,000,000 = 4 X lO^ maxwells. 
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^, „ 4 X 10« X 3,600 X 2X2 
Then E 60X"lO^ 

= 9.6 volts. 

2. How many induotors will have to be connected in series if the electro- 
motive force in question 1 is to be 48 volts? 

Solution, — Two inductors in series generate 9.6 volts. Hence one inductor 
generates 4.8 volts. To generate 48 volts will require 48 -5- 4.8 = 10 in- 
ductors, or a loop of 5 turns. 

72. Electromotive Force of a Multipolar Generator. — It will be 
shown later that the number of parallel circuits in a dynamo 
armature is determined by the character or kind of winding used. 
This amounts to the same thing as to say that the number of 
inductors connected in series is determined by the kind of arma- 
ture winding employed. If the total number of inductors is Z 
and there are q paths in parallel, the number of inductors in 

. . Z 

series IS — 

Let p = number of field poles, 

q = number of parallel circuits in. armature winding, 
Z = number of inductors, 

n = number of revolutions of armature per minute, 
$ = the total flux emanating from one pole. 

It is plainly evident that the electromotive force of any generator 
can be varied by changing n, or $. 

Example 

A six-pole generator operating at a speed of 900 revolutions per minute 
has 960 inductors on the armature. What will be the electromotive force 
developed if a two-circuit winding is used and if the flux emanating from 
one pole is 1,200,000 lines? 
Solution. — 

^ V^Zn 
qm X 10« 
p = 6 
q =2 

* = 1,200,000 = 1.2 X 10« 
n = 900 

Z = 960 

6 X 1.2 X 10« X 960 X 900 



Then E = 



2 X 60 X 108 
= 518 volts. 
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73. Electric and Magnetic Principles of tiie Direct-cunent 
Motor. — The method of generation of an electromotive force haa 
been explained. It remains now to show how the energy pos- 
sessed by an electric current may be utihzed in doing mechanical 
work. 

Electrically considered, the direc^current generator and motor 
are similar machines. Their difference lies in the method of op- 
eration. In the case of the generator, mechanical energy is con- 
verted into the energy of the electrical current by means of con- 
ductors cutting magnetic flux. The process is one of enei^y 
transformation. Electrical enei^ can be converted into me- 
chanical work by a reversal of this process, and by means of the 
same machine. This is accomplished by supplying electrical' 
energy from some outside source to the machine which is thereby 




converted into a motor. The general laws governing one are the 
same for the other. In a generator the current flows imder the 
electromotive force induced in the armature conductors. It has 
been shown that when a current is flowing in the inductors a force 
is required to move the inductor across the magnetic field. This 
force has been shown to equal lE/V (see Chapter V). Since 
action is equal to reaction, there must be a counter force of the 
same magnitude tending to rotate the armature in the opposite 
direction. How this force is developed will be readily under- 
stood from a consideration of Fig. 55, which shows a current 
carrying wire at right angles to a magnetic field. The current is 
assumed to be supplied from some outside source and to be flow- 
ing in the conductor away from the observer; that is, into the 
paper. In the region A, above the conductor, both the lines due 
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to the magnetic field and those due to the current have the same 
direction, that is, from left to right. Below the conductor the 
lines due to the current oppose those emanating from the poles 
A' and S and hence in the region B there will be fewer magnetic 
lines than in the region A. The tension along the lines, in the 
region A, will exert a downward force on the conductor. 

Fig. 55 shows one conductor between two opposite magnet poles. 
An exactly similar action will take place if the conductor is one 
Bide of a loop or armature coil, Fig. 56. That portion of the loop 
in which the cutrent flows away from the observer will be forced 
downward, while the other part is forced upward. The loop, if 
free to move, will rotate clockwise. If the two ends of the loop 
be connected to a two-part commutator, Fig. 52, so that the cur- 
rent is reversed when the plane of the loop is in the-vertical posi- 
tion, the direction of the force on each half of the loop will also 




be reversed and hence the tendency to rotate will be continuously 
in one direction. 

If the loop of one turn were stopped with its plane in the ver- 
tical position, its tendency to rotate wDl be zero, for no magnetic 
flux, other than that due to the current in the conductor, is pres- 
ent. When in this position no torque or turning movement is 
exerted on a single-loop coil. The torque on a single loop will 
increase from zero to a certain maximum value when the loop is 
in a horizontal position and then again, decrease to zero. To 
secure constant torque, the armature is wound with many coils, 
some of which are always under the field poles. An electric 
motor does not have a "dead center." 

74. Counter Electromotive Force. — In order to understand the 
interactions of the magnetic and electric quantities, it is desirable 
first to study the counter electromotive force developed as the 
armature rotates. 

While discussing the principles of generating an electromotive 
force, we learned that whenever a conductor is moved across a 
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magnetic field an electromotive force is induced in it; the con- 
ductors on the armature of a motor cut magnetic Unes when the 
armature is in motion in precisely the same way as the conductors 
of a generator, hence, an electromotive force must be induced in 
them. The direction of this electromotive force must be opposed 
to that supplied, as will presently appear. 

Neglecting small iron losses, the energy appUed to a motor is 
utilized by the motor in two ways; partly in heating the windings, 
and partly in mechanical work. The part which depends upon 
the resistance of the windings, and which is dissipated as heat, is 
proportional to the square of the current and the first power of 
the resistance, as has already been shown. 

Algebraically, energy converted into heat per second = PR, 
The part converted into mechanical work is proportional to 
the first power of the current and may be expressed as follows: 

Mechanical energy = AI, 

where il is a proportionality factor whose nature is to be deter- 
mined. According to the law of conservation of energy, the total 
energy supplied must be equal to that dissipated as heat plus 
that utilized in work, hence, 

EI = AI + PR. 

Solving for 7, we get 

^ E- A 

^^~R~\ 

This expression is in the form of Ohm's law and A must be an 
electromotive force. Furthermore, this electromotive must be 
a counter electromotive force, for it is subtracted from the applied 
electromotive force. 

Perhaps another way of looking at the problem will make the 
matter clearer. When the armature of the motor is at rest and 
an electrical pressure is applied to its terminals, the current re- 
sulting is determined by Ohm's law. If E is the applied pressure 
and Ra the resistance of the armature circuit, then 

I =^. 

■'■an 

The torque or turning moment is proportional to the armature — 
current. If we let T equal the torque, we may write 

T = Kla. 
As soon as the armature begins to rotate, the armature conductor's 
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begin to cut across the magnetic field flux and consequently an 
electromotive force must be induced in them. The question is, 
does this induced electromotive force oppose or assist the applied 
electromotive force? Let us assume that the induced electro- 
motive force is in the same direction as the applied electromotive 

force. If that be the case, the current la will increase, or by 

E + E' 
Ohm's law la will equal — p — where E' is the motor elec- 

tromotive force. Increasing la the torque will increase. An 
increase in the torque will increase the speed, and an increase 
in speed will increase the motor pressure E\ As a result, the 
motor will develop an infinite torque and be capable of doing 
infinite amount of work without receiving a corresponding 
amount of energy from some outside source. This result is 
plainly contrary to the law of conservation of energy and hence 
is untenable. As a matter of fact, the current input in a motor 
decreases with the speed of the armature. This decrease in cur- 
rent can be due to only one thing and that is, an increasing 
counter electromotive force with increase in speed. 

The value of this counter pressure may be calculated in exactly 
the same way as the electromotive force of a generator. In gen- 
eral, if 

p = number of field poles, 

q = number of parallel circuits in the armatures, 

Z = number of active inductors, 

$ = magnetic flux issuing from one field pole, 
and n = number of rotations of armature per minute, 

then E' = — ^ttt^tts:!^ volts, where E^ is the motor counter 
goO X 10* ' 

electromotive force. 

75. Motor Armature Current. — Having derived an expression 
for the counter electromotive force of a motor, the expression for 
armature current may at once be written. Thus if E is the ap- 
plied pressure and E' the back or counter pressure, then E — E' 
is the active electromotive force which causes the current to flow 
through the armature windings. If Ra is the armature circuit 

resistance 

E-E' 



E - 



Ra 

p^ Zn 



g6QX 10* 

Ra 
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For any given motor ^^ ^^^ is constant. Representing this 

by A; we may write 

-. __ E —k^n 

This equation is of interest and importance for it shows that the 
armature current does not depend only upon E and Ra but that 
it decreases with an increase in $ or n. 

76. Equation for Motor Torque. — By torque is meant the prod- 
uct of the pull in pounds on the belt at the circumference of the 
motor pulley by the radius of the pulley in inches; thus if the 
pull is 40 pounds and the radius of the pulley is 6 inches, 
the torque is 240 pound-inches. For constant-speed motors, the 
torque is a measure of the power of the motor. This torque is 
due to the interaction of two magnetic fields; that due to the cur- 
rent in the armature coils, and that due to the current in the field 
windings. 

In Article 63 it was shown that neglecting friction, the power 
required to rotate the armature of a generator is 

FV = IE watts. 

In this expression I is the armature current, and E is the induced 
electromotive force. The power developed by a motor is also 
given by this expression if for E we substitute the counter pres- 
sure which for a motor corresponds to E for a generator. This 

has been shown to equal fc^n, where A; = ^^\^^ ^ ' Substi- 

^ ' ^0 X 10^ 

tuting, we have 

FV = kla^n watts, 

for the power developed by a motor. If T is the torque in pound- 
inches developed at the motor pulley, and n is the number of 
rotations per minute, then 2TmT is the work in inch-pounds de- 
veloped by the motor in 1 minute. The work per minute in 

foot-pounds = -^ — As 1 horsepower equals 33,000 foot- 
pounds per minute, ..^ foot-pounds per minute 

2TnT 
= "12X 33;000 ^^^s^Power 

^'^^ X 746 watts. 



12 X 33,000 
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Neglecting the losses due to friction, windage, etc., the power 
developed at the pulley must equal the electrical power converted 
in the armature. We thus have 

27r X 746 X nT ^ , x , 
12 X 33,000 ^ • 

Whence T = i^X ?3^000 H^ 

^^^^^® ^ 27r X 746 

= 84.5A;7a^ poimd-inches. 

For any given motor fc is a constant, and hence the torque is 
proportional to the product of the flux per pole by the armature 
current. At constant field excitation the torque of all direct- 
current motors is a maximum when the current is a maximum, 
which is on starting. 

78. Theoretical Efficiency. — ^By eflSciency of any piece of 
mechanism is usually meant the ratio of the useful work, or out- 
put of the machine, to the energy suppUed, or input, to the 
machine. 

The following discussion concerning the theoretical eflSciency 
of the electric motor does not take into consideration hysteresis, 
eddy currents, friction, windage or the PR losses in field winding. 
The formula deduced is, therefore, only approximate; neverthe- 
less, it is of importance and interest from a theoretical standpoint. 

Let E = applied electromotive force, 

E' = counter electromotive force, 

Ra = armature resistance, 

la = armature current. 

Then laE = energy supplied to motor per second, 

la'^Ra = energy lost as heat per second in armature, 
E^E' 

but la = 5 

iCa 

and EI a — la^Ra = energy converted into useful work. 
EflSciency is then 

Ela — Ic?Ra _ E — laRa 
laE " ¥ ' 

Substituting the value of la from above we get 

E p — Ra 

efficiency = p > 

_E' 

" e' 
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This means that the approximate efficiency of a motor is the 
ratio of the counter electromotive force to the applied electro- 
motive force. The nearer E' = E the greater the efficiency of 
the motor. The commercial efficiencies of motors range from 
60 to 95 per cent., depending upon the size of the machine and 
the kind of service. 

Recapitulation 

1. An electrical generator is a machine for converting mechanical energy 
into electrical energy. 

2. A continuous- or direct-current generator is a machine which produces 
at the terminals of the armature a unidirectional pressure/ that is, a pressure 
in one direction only. 

3. The essential elements of a generator are a magnetic field, conductors, 
or armature which can rotate with reference to the field and a device for 
connecting the moving conductors to the external circuit. 

4. The armature in direct-current machines is the symmetrically arranged 
group of rotatable inductors. 

6. The electromotive force induced in a group of conductms rotating in a 
magnetic field is alternating. That is, the electromotive force in each con- 
ductor reverses periodically. 

6. The electromotive force induced in a single-hop armature rotating in a 
uniform magnetic field is given by the expression 

e = i^m sin o}t. 
The average value is given by 

where ^ is the magnetic flux between the poles, and n is the number of rota- 
tions made by the armature in 1 minute. 

7. The commutator of a direct-current generator is a rectifying device 
which changes the connections of the armature inductors with the external 
circuit every time the electromotive force in the inductor is reversed. 

8. The electromotive force of a multipolar generator is given by 

_ pn^Z ,^ 

^ = 160"X 10« ^^^*« 

where p is the number of field poles, q is the number of parallel circuits 
through the armature, ^ is the flux per pole, Z is the number of inductors 
connected in series, and n has the same significance as in (6) above. 

9. A counter or hack electromotive force is generated in the armature coils 
of a motor as they cut across the magnetic flux. If E is the applied electro- 
motive force, jK' the counter electromotive force, and R the resistance of the 
motor armature circuit, which includes brushes, brush contacts, etc., the 

motor current is given by 

_E - W 
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10. The torque of a directHmrrerU motor is given by 



where 



T s 84.5A;/a^ pound-inches 
pZ 



"' g60 X 10* 

la « armature current 
and ^ s flux per pole. 

11. The efficiency of a direct-current motor cannot be greater than the ratio 
of the counter electromotive force to the applied electromotive force. The 

maximum theoretical efficiency is given by 

E' 
theoretical efficiency = v, • 
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CHAPTER VII 

THE MAGNETIC CIRCUIT OF THE DIRECT-CnRRENT 
DYNAMO 

79. The Magnetic Circuit — In the discussion of the m^pietic 
field, it was shown that the magnetic hues are closed curves, 
Fig. 6. Under electromagnetic induction it was shown that the 
necessary condition for the development of an electromotive force 
is relative motion between a magnetic field and an electric con- 
ductor. The fundamental problem in the design and constnic- 
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tion of a dynamo is, therefore, the production of a relatively 
strong magnetic field in which the armature conductors are to 
rotate. The simplest magnetic circuit of a dynamo is that of a 
two-pole machine shown in the diagram, Fig. 57. In this dia^ 
gram the path of the magnetic flux * is represented by the broken 
lines. The magnetic circuit consists of the yoke, pole pieces, two 
air gaps, and armature core. The magnetism is produced by an 
electric current flowing in the magnet coils. The procese of pro- 
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ducing the magnetic flux is called excitation. The different 
methods of excitation employed will be explained later. 

The magnetomotive force produced in the field coils by the 
exciting current must be high enough to develop the proper mag- 
netic flux around this magnetic circuit, and in order to secure 
this flux with as small an expenditure of energy as possible, all 
of the parts of the circuit must be carefully considered. 

When the first direct-current machines were made, the laws of 
the magnetic circuit were not well understood, and accordingly . 
the designs of the field m^nets were often crude and clumsy. 




Fia. 59. 



At first the field magnets were of the two-pole type, Fig, 57, and 
consequently the magnetic circuit was unnecessarily long and 
inefficient, or it was divided under the mistaken notion that such 
a construction would increase the effectiveness of the windings. 
Two forme of these early field magnets are shown in Figa. 58 and 
59. 

The design shown in Fig. 59, was inefficient not only on account 
of its excessive length, but also because the construction required 
the pole pieces to be separated from the bed plate, which was 
of iron, by a thick layer of non-magnetic material to prevent the 
shunting of the magnetic flux. 

A more thorough and scientific knowledge of the laws and 
principles of the magnetic circuit soon caused modifications in 
the design of the dynamo magnets to conform to sound theory. 
From the principles already explained some of the necessary 
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changes in design may easily be inferred. Thus the equation 

for flux is: 

^ magnetomotive force 

reluctance 

(R 
The equation for magnetomotive force is 

SF = 1.257 times ampere-turns 
= 1.257i\r/, 

and the reluctance of a series magnetic circuit, different parts of 
which have different reluctances, is 

(R =—1" H T- H T + etc. 

UlAi fJL2A2 fJLzA^ 

The expression for flux, $, shows that for a given number of 
ampere-turns the flux varies inversely as the reluctance, (R. 
Hence, (R must be small for a large $, and a small magnetizing 
force. But the equation for (R shows that if the reluctance is to 
be small, the length of the magnetic path, Z, must be short and 
the permeability, /*, must be high. The cross-sectional area, A, 
of the circuit depends upon the amount of the flux desired and it is 
so designed that the magnetic material will not become too highly 
saturated. The flux density in the air gaps of direct-current 
machines ranges from 45,000 to 60,000 lines per square inch. 
The permeabiUty of iron varies between very wide Umits depend- 
ing on the grade of the material, and a good grade of soft cast 
iron or steel is generally used for the magnet cores, yokes, and 
pole pieces. The pole pieces are now commonly made of lami- 
nated iron riveted together and either bolted to, or cast into the 
yoke or frame as it is sometimes called. They are as short as 
they can be made, and still have sufficient siu-face for the fiield 
coil windings and other mechanical details which must be con- 
sidered. The armature core is likewise built up of soft sheet- 
steel laminations of high permeabiUty. The permeability of 
good sheet steel may be 5,000 and even higher. In comparison, 
the permeability of the air gap, which is unity, is very low. The 
air gap is, therefore, made as short as is consistent with good-^ 
mechanical clearance between the armature and the pole pieces^ 
and good commutation, which will be taken up later. 
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80. Multipolar Dynamos.— No matter how much the yoke and 
magnet cores are shortened in the design shown in Fig. 57, at 

best the magnetic path is relatively long. Two-pole generators 
of this form are, therefore, no longer made. The modern two- 
pole generator has a circular frame or 
yoke with two radially projecting pole 
pieces as shown in Fig. 60. Even with 
this modification the magnetic circuit 
is comparatively long. This, coupled I 
with the fact that the armature speed ' 
of a bipolar machine would have to be 
very high for machines of large output, 
shows that the bipolar design is not 
suitable for large direct- current dyna- 
mos; accordingly, they are seldom made 

for outputs greater than 10 kilowatts. A diagram of the field 
and armature core of a four-pole machine is shown in Fig, 61. 
The path of the magnetic flux is indicated by the broken lines. 
It is quite evident that with the same depth of air gap and 
cross-sectional area of the pole pieces the reluctance of the mag- 





netic circuit of the multipolar machine is less than that of the bi- 
polar dynamo. This type is more advantageous on account of 
the better proportions, more economical arrangement of ma- 
terials, and, therefore, smaller weight, greater efficiency, larger 
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radiating surface, smaller floor fipace required, more satisfactory 
operation, and lower speed possibilities. Fig. 62 shows the 
frame, pole pieces, and field windings assembled of a multi- 
polar generator. The pole pieces are made of laminated steel 
riveted together and bolted to the magnet yoke. A separate 
pole piece and coils are shown in Fig. 63, Some manufacturers 
prefer to cast weld the pole pieces into the magnet yoke. 




The smaller machine have the magnet yoke and base cast in 
one piece. To permit the removal of the armature, and to give 
access to the field coils, the bearing pedestal on the commutator 
side is divided, the upper part being bolted to the base. By 
removing this pedestal, the armature can be pulled out endwise. 
On larger machines the field frames are divided either along a 
horizontal or vertical diameter, and bolted together. The plan 
of separation is shown in Fig. 62. 




81. Interpoles.— When direct-current machines are subject to 
changes in the load tlie changes produce effects known as arma- 
-tuie reactions. These armature reactions cause a shifting in apace, 
»s well as a weakening of the main magnetic field which in turn 
lesults in commutation troubles. To overcome these difficulties 
in commutation, small pole pieces are placed between the main 






lelci poles. The windings on theae interpoles, as they are called, 
designed and excited that the magnetic field due to them 
compensates for the shifting and other changes in the main mag- 
netic field. The theory of operation of the interpoles will be 
explained more fully under commutation. Fig. 64 shows the 
relative position and size of the 
mterpole pieces in comparison 
^itli main field pole pieces. 

A rather original form of field 
construction is that used by the 
R-idgway Dynamo and Engine 
Co.^ which is shown in Fig. 65. 
Tile field ring proper is con- 
^^^^cted of laminated steel, the 
PUrichinga being securely 
clamped between flanged cast- 
iron rings. The pole pieces are also of laminated steel and con- 
sist of two parts, one the core for the main field coil windings, and 
tile other termed the pole shoe, or pole face. The two parts are 
''^^'ily bolted to the field ring by heavy cap bolts which piws 
Inrough the field core and screw into the pole face. The pole faces 
Me slotted in a direction parallel to the armature. Within these 
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slots is placed a winding known as compensating or balancing 
coils. The purpoae of these coils will also be explained later. 

Between the pole faces are placed the commutating or inter- 
poles. As is evident from Fig. 65, the intcrpoles are also of lami- 
nated steel. The interpoles are supported by brass keys driven 
into slots in the sides of the interpoles and the adjacent pole 
faces, A complete field winding and frame is shown in Fig. 66. 




I 



82. Magnet-Seld Frames of Turbo-generators. — The magnet- 
field frames and cores illustrated and explained in the preceding 
section are for comparatively low-speed, belted or direct-con- 
nected generators and motors. The principles governing the 
construction of the magnetic-field frame of the high-speed tur- 
bine-driven direct-current generator are the same as for the other 
machines. The details of construction are, however, somewhat 
different. In the first place as the armature runs at a high speed 
it must be of comparatively small diameter, and accordingly the 
magnet frame is smaller in diameter than that of a generator of 
slower speed and of the same kilowatt rating. The increase in 
the speed of the armature makes possible a greater output per 
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pound of material. The losses per pound of material are also 
increased and accordingly proper ventilation must be given care- 
ful consideration. Fig. 69 shows the construction of the Ridgway 
direct-current turbo-generator interpole magnet-fieid frame. 

83. Magnetic-field Calculations. — As this text is not intended 
for the designer, what follows is intended merely to illustrate th^ 




effects of materials of different permeabilities and dimensions- in 

the magnetic circuit. 

Example 

AsBume a problem as repreaented by Fig. 68, when the magnetio oir*'"'* 
is composed o! different materiala of different crosa^ectioDS, lengthSi »"" 
permeabilities, we have given the following data: 
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Parts 




A 


B 


c 


D 


E 


;h in centimeters, I 


8 


21 


30 


60 


0.75 






eability , u 


63 


1,760 


925 


157 


1 


^^***'**^*'«7 J ^. •••••••••••••••••••• 




in square centimeters, A 


300 


625 


490.87 


1,000 


720 



i be required to calculate the flux density and magnetomotive force 
3ary to develop this flux density in each section for a total flux of 
,000 lines, 
definition the flux density is the total flux divided by the cross-sec- 

. area, or (B = ^ ; and (F, the magnetomotive force, is equal to — • 

; these relations we find the following values : 





Parts 




A 


B 


C 


D 


E 




20,000 


11,428 


12,223 


6,000 


8,333 




2,540 


136.3 


397 


1,910.8 


6,250 



3 magnetomotive force for the whole circuit is the sum of the magneto- 
e forces for the several parts = 11,234.1 gilberts. 

. Useftil and Leakage Flux. — The useful flux of a dynamo 
at which passes through the armature and is cut by the 
bture conductors as they revolve. When the field cores are 
[y saturated, all of the flux does not pass from the pole face 
the armature, but some of it follows paths of lower reluc- 
3. The flux that is not useful in generating an electromotive 
J is known as leakage flux. In a well-designed dynamo this 
tge flux is reduced to a minimum by designing the magnetic 
it so that the lowest reluctance is through the armature. 
. Field Windings. — The magnetic field of dynamos is pro- 
d by electric currents flowing through properly designed coils 
}d around the pole pieces. In the early days of dynamo 
truction the field cores were round and the field coils were 
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wound on metal sheila which were then slipped over the field 
cores. An excessive amount of insulation was used which pre- 
vented the free radiation of heat engendered in the winding by 
the current. 

"As heat-conducting and radiating conditions and ventilation 
became better understood, the outer insulation on the coils was 
reduced materially, and precautions were taken to ventilate the 
field windings more thoroughly. Series windings were better ex- 
posed to the air, and shunt windings were, in some cases, sub- 
divided in order to increase the effective ventilating surfaces. 
Also, in view of the fact that, with heavy, deep coils, the center 
portion would be roasted out, while the outside part would be 
comparatively cool, practice gradually tended toward compara- 
tively shallow coils, arranged for good air circulation over them. 
In series coils and in commutating-pole windings, where compara- 




tively heavy strap or bar conductors are used, the individual 
turns are now separated by air spaces in many cases. In other 
words, in modern design, low temperatures are obtained not by 
piling on material, but by improvements in heat dissipation.'" 

With respect to the manner in which the field coils are con- 
nected, we have the shunt and aeries coils. The magnetomotive 
force of the current in the shunt coils produces the main flux of 
the dynamo, As a rule the shunt coils carry a relatively small 
current and so are wound with comparatively small round or 
square wire and contain a relatively large number of turns. By 
such a construction the losses in the field windings are reduced 
to a minimum. The coils are usually wound on wooden forms 

' B. G. Laume, Electric Journal, vol. 11. 
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or moulds; they are rectangular in shape with rounded corners, 
and with the layers having approximately the same number of 
tii]-ns. Due to limitations of space the coils may be tapered or 
wedge-shaped by placing fewer turns in successive layers. Such 
a coil is shown in Fig. 69. In other cases the coil may be quite 
flat as in railway motors. 

A moisture-proof insulating compound is forced, under pressure 
and at a high temperature, into all parts of the coils. The melt- 
ing point of this compound is higher than the highest temperature 





coils are liable to experience in operation. The heat conduc- 

, '^'^ty of the insulating compound is also relatively high and thus 

is quite effective in maintaining a low operating temperature. 

^Qt railway Beries motors and for large direct-current gener- 

^'-•^rs there has been developed a strap or ribbon winding. The 

^_^^"t strip or ribbon of copper Ls wound edgewise with strips of paper 

asbestos between the layers, This makes a very compact and 

_'lid coil and as the bare copper of such coils is exposed to the 

**" the heat-radiating properties are superior to those of the other 

-An interesting method of ventilation is employed by the Gen- 
commutating pole type generators. 
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The series and shunt coils are wound side by side, ample ventila- 
tion being provided lengthwise through each coil and between the 
coils. Fig. 70 shows this type of coil. When the coils are in 
place on the field cores, they are connected so that adjacent poles 
are of opposite polarity. 

Recapitulation 

1. The magnetic circuit of the dynamo consists of the iron yoke, pole 
pieces, armature core, and air gaps. 

2. The magnetic circuit is made as short as possible. The process of 
producing the magnetic flux is called excitation. 

3. Two pole direct-current generators are seldom built in sizes larger than 
10 kilowatts. 

4. Multipolar dynamos are more efficient than bipolar machines on ac- 
coimt of the more effective arrangement of the material and shorter mag- 
netic circuit. 

6. Interpoles or commutating poles are small pole pieces placed between 
the main field poles. They are excited by a series winding. Their function 
is primarily to aid in commutation. 

6. By useful flux of a dynamo is meant that flux which passes through 
the armature and is cut by the inductors. By leakage flux is meant that 
flux which is not cut by the inductors. 

7. The essential properties of field windings are compactness, the ability 
to withstand comparatively high temperatures, and effective heat radiation. 
The coils are usually form-wound, and may be either of wire or flat strips. 



CHAPTER VIII 

ARMATURES 

a. Introductory.— The elementary and fundamental prinei- 
pies of electromagnetic induction have been explained in Chap- 
ters III and VI. The application of these principles to practical 
TDELchines will now be taken up. 

BT. Armature. — In direct-current machines the magnetic field 
IB stationary while the conductors rotate. In these machines 
the rotating element is the armature no matter whether the dyn- 
is a motor or a generator. The armatui'e of a direct-current 
dynamo may thus be defined as the rotating member in the coils 
ot which the electromotive force is induced. In the case of a 
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generator the current flows under the influence or in the direction 
of this induced electromotive force, while in the case of a motor 
the current flows against the induced pressure, the actuating 
pressure in this case being from some outside source. 

88. The Armature Core.— The armature consists of a core, 
windings, and commutator. The core is built up of laminated 
loron which may be keyed directly to the shaft, as is the practice 
small machines, or to a spider as shown in Fig. 71. The 
lature core is built up of steel stampings of high magnetic 
permeability. For large machines the stampings are in the 
form of segmentrS of a circle. These are then assembled on the 
arms of the spider. For machines of comparatively small size 
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the laminations are punched in a complete ring and are assem- 
bled on the shaft or spider to which they are securely keyed to 
prevent any turning movement. The assembled core is also 
securely clamped between a core head which is a part of the 
spider and an annular casting at the other end. The core head 
also furnishes support for the coils. 

The cores of the earUer armatures were smooth, and the coils 
were held in place by friction only. Any sudden change in speed, 
or a short-circuit of the armature winding quite often resuljbed in 
shifting the coils. To remedy this difficulty the slotted arma- 
ture core was developed. In one of the first experiments with 
slotted armature cores, the winding was pushed through holes 
near the periphery. When the machine was put in operation it 
was soon discovered that excessive sparking was present at all 
times even with only the exciting current flowing through the 
coils. Cutting the holes open so as to form slots remedied this 
difficulty. Forms of slots and teeth are shown in Fig. 72. 
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Several factors govern the design of the armature teeth and slots. 
Among the most obvious may be mentioned facility in winding, 
and commutation. The open slot with parallel sides is commonly 
used on large armatures, for the reason that formed coils can easily 
be slipped into place. These coils are then prevented from flying 
out by bands of wire, or by wood or fiber wedges driven in 
grooves at the tips of the teeth. The best proportions of teeth, 
slot, and air gap were mainly determined by experiment. 

89. Energy Losses in Armature Core. — The function of the 
armature core is to provide a path of low reluctance for the mag- 
netic flux, and to furnish a rigid support for the armature coils 
and a means for revolving them. When the armature rotates 
the magnetic lines shift around the core. This shifting of mag- 
netic lines has the same electrical effect upon the iron of the arma— 
ture core as upon the inductors wound on its surface. That is, 
an electromotive force is induced in the core. If we apply Flem— 
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ing'a rightr-hand rule it becomes evident that this electromotive 
force is induced in such a direction that if the core were solid, 
currents would flow parallel to the shaft. The intensity of these 
currents would be determined in accordance with Ohm's law. 
These currents, known as eddy currents, if permitted to flow, 
would unnecessarily heat the armature causing deterioration of 
the insulation and a waste of energy. To reduce this loss of 
energy and heating to a minimum the eddy currents are made 
as small as practicable by making the resistance of their path 
very high. This is done by making the core of thin laminations 
insulated from each other by a coat of insulating varnish or merely 
by the layer of oxide that forms on the laminations. As is evi- 
dent from Fig. 71, the planes of the laminations are at right 
angles to the shaft. In commercial machines the laminations 
are usually about 0.02 to 0.035 inch thick. 

The armature core is the seat of another energy loss which can 
be reduced to a minimum only by the use of steel of very high 
permeability. Every time any part of the core passes from be- 
neath a magnetic pole of one polarity under a pole of the opposite 
polarity the magnetic character of that part of the core is re- 
versed. This continual reversal of the magnetism of the core 
results in what is known as hysteresis loss. This energy loss 
manifests itself as heat in the armature and is wasted. 

90. Ventilation of Armature. — Together with the two sources 
of heat mentioned the current in the inductors also develops heat. 
To prevent an excessive increase in the temperature of the arma- 
ture, radial ventilating ducts are provided in the core. These 
ducts are formed by spacing pieces placed at proper intervals. 
One form consists of U-shaped steel stamping riveted to one of the 
laminations. Other manufacturers use brass strips riveted to a 
punching of steel. The fanning action of the armature, when 
rotating, forces air through the spider and through the ventilating 
ducts in the core. After leaving the armature the air passes 
through the ventilating duets of the field core, when it is con- 
structed with ducts, and in other cases merely causing a current 
of air to flow around the pole pieces thus cooling all the active 
parts. 

91. The Commutator. — The function of the commutator is to 
change the connections of the armature coils with the external 
circuit every time the current in the coils is reversed. The com- 
mutator thus performs a most important function and as a con- 
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witli ih^? ttrrnaturc winding. In the smallest sizes and in most 
uutUtr (!ornrnutaiorH, the neck and bar are in one piece and the 
irmiilaUon Im fiiUid between the necks as well as the segments. 

Ah ih mIiowii by tlie end view, Fig. 73, the bars are tapered so 
\\m\, whcji iiHWjrnbled they will form a ring. Molded mica about 
[{s*/, \uv\\ \\\\vk in placed between the bars and the assembled com- 
imiliil-or in firinly damped within an iron ring. In this condition 
it i« pladod in an oven and subjected to a temperature of about 
lyfi" lo \f){f(\ TluH baking process softens the bond and ad- 
JiihlH (li(» HJripH of nu(;a to the inequalities of the copper bars. 
If lliih ssims not dont^ the mica strips would adjust themselves 
ill Horvltu^ and a locmo ooiunmtator would result. When the com- 
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nutator has been thoroughly baked it is allowed to cool after 
which both the inner and outer surfaces are machined off. A 
test is then made for short-circuits between bars. A commutator 
with machined ends is shown in Fig. 74. It will be noticed that 
ft groove whose cross-section is a V has been turned in the end. 
A. similar groove is cut in the other end also. A cast-iron bush- 
uig having a projection to fit one of these grooves is placed within 
■ the ring of copper bars, and a brass ring having a similar projec- 
1 ^ion is placed in the V-shaped groove, on the other end, and 




' clamped to the bushing by bolts. The commutator bars are in- 
sulated from the bushing, and from the brass ring by moulded 
mica insulation. When the clamping bolts are properly tight- 
ened, the outer clamping ring may be removed and the outer 
surface machined off. A large commutator ready for mounting 

[ is shown in Fig. 75. 

There are several reasons for the use of mica between the com- 
mutator bars. One is its elasticity, which keeps the spaces filled 
solidly, regardless of the expansion and contraction of the com- 
mutator; another is it-s ability to withstand relatively high tem- 

[ peratures without deterioration; and still another is the fact that 

^■it wears down at about the same rate as copper. The import- 
3 of this last property has been considerably reduced within 




r 


recent years by the practice of undercutting the mica, that is, 
cutting it below the level of the copper. 

The insulating properties of mica are, of course, essential, but 
as the maximum voltage between commutator bars is seldom 
above 25 volts, substitutes with satisfactory electrical properties 
could easily be found. Up to the present time, however, no sub- 
stitute has been found which possesses the requisite mechanical 
properties. 

92. Armatiire Windings. — The wire wound on the armature 
core and in which the electromotive force is induced as the arma- 
ture rotates is called the armature winding. Armature wind- 
ings may be classified with reference to the position they occupy 
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on the armature core, or with reference to the maimer of their 
distribution on the core and their connections to the commutator 
bars. If the first method of classification be employed we have 

1. Ring-armature winding. 

2. Disk-armature winding. 

3. Drum-armature winding. 

The first two types are not in commercial use, and hence 
merely an explanation of their meaning will be sufficient. 

93. Ring-armature Winding.^The ring armature as ordi- 
narily used consists of a continuous spiral of wire wound around 
the ring core with taps taken off to connect to the commutator 
segments, as shown in Fig. 76. In this way there is obtained a 
winding with a large number of conductors in series capable of 
generating a large electromotive force. Since certain inductors 
are at their position of zero pressure, while others are at inter- 
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mediate values up to the maximuin value, their superimposed or 
added pressures give a practically uniform pressure. It will be 
noticed that the winding has two paths for the current from brush 
to brush. That is, the two paths of the armature winding are in 
parallel. The path of the magnetic lines through the armature 




core is indicated by the dotted lines of Fig, 76. The magnetic 
lines follow the ring and are not cut by the conductors on the in- 
side of the ring. For this reason less than half of the wire on the 
ring armature is active in generating an electromotive force. 




94. Disk-armature Winding.— There is very little difference 
between the disk and ring armatures in so far as construction ia 
concerned. As shown by Fig. 77, the core of the disk armature 
is, in form, a flat ring. The winding consists of several coils 
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wound around the core and uniformly spaced around its peri- 
phery. The real difference between the ring- and disk-armature 
dynamos is the relative position of the magnet poles. In the 
dynamo with a ring armature the magnet poles project radially 
toward the rii^, while in the dynamo with a disk armature the 
pole pieces extend parallel to the axis of the armature. Both 
ring and disk armatures are now obsolete. 

96. The Drum-armature Winding. — The drum windii^ has 
its coils properiy spaced around a core of magnetic material in 
such a way that all conductors parallel to the shaft are on the 
surface of the core and are active in inducing pressure. The con- 
ductors passing across the front or back of the core to connect 
the active conductors cut no magnetic flux and no pressure is 
induced in that part of the winding. In moat windings these 




connections are comparatively short and a greater per cent, of 
the winding is active than in the ring winding. Fig. 78 represents 
a simple four-coil drum winding connected to a four-part com- 
mutator. This is merely an illustration of a drum winding and 
is not intended to show actual construction. As shown in Fig. 
71 the armature core is almost invariably slotted, and the slots 
are uniformly spaced around the core. The winding is therefore 
also uniformly spaced around the core and not as shown in Fig. 
78. 

96. Electrical Characteristics of a Drum Winding. — In Chap- 
ter VI it was shown that when a simple loop of wire is rotated 
between two magnet poles the induced pressure fluctuates as a 
sine curve or nearly so. If two loops whose planes are at right 
angles to each other are connected to a four-part commutator 
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and rotated between the poles of a magnet the induced electro- 
motive force will be the sum of two sine curves, and as the com- 
mutator interchai^es the connection every half cycle, the ex- 
ternal electromotive force wave will have a form shown in F^. 
79. The resultant voltf^e curve is smoother than when only 
one loop is used. Increasing the number of inductors on the sur- 
face of the armature has the effect of making the pressure more 
uniform. 




97. Lap Winding. — If the arrangement of the wire on the sur- 
face of the armature core is the basis of a classification we have 
two types, lap and wave winding. A simple lap windii^ for a 
two-pole dynamo is shown in Figs. 80 and 81. This represents 
an end view of an armature. The ends of the inductors are rep- 
resented by small circles numbered 1 to 26. The divided ring 
in the center of the figure represents the commutator, consistii^ 




of 13 segments. The solid and broken curved lines represent 
the front and back connections, respectively, of the armature 
Avindii^. 

If the direction of motion is counter clockwise then the electro- 
motive force in the inductors under the iV-pole is from the com- 
xnutator end towards the back, or from above into the paper. 
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These inductors are indicated thus®. The electromotive 
force in the inductors under the S-pole is directed, from the back 
toward the commutator end, or out of the plane of the paper. 
These inductors are represented thus o. 

Two inductors with their end connections, such as 1 and 12, 
3 and 14, etc., form a coil. Each coil may consist of -several in- 
ductors, or of only two as shown. Usually there will be several, 
the number being determined by the voltage, and capacity of the 
machine. If the conditions are a^ indicated in the diagram, the 
left brush is negative, that is the current returns to the armature by 




this brush. If we trace the path of the current flow from this 
brush we find that it flows through two circuits in parallel. As 
the current leaves commutator segment 5 it divides, one half of 
the current going to inductor 20 and the other to inductor 9. 
Tracing the current flow from inductor 9 we see that it flows 
across the rear end of the armature to inductor 22, then from in- 
ductor 22 across the front of the armature to inductor 11; from 
11 to 24, then to 13,26, 15,2,17,4,19 and 6 in succession, to com- 
mutator segment 11 and thence to the brush at the right which is 
the positive brush of the dynamo. Thus, one half of the current 
flows through inductors2, 4, 6, 9, 11, 13, 15, 17, 19, 22, 24,26, and the 
end connections. Likewise, if we trace the current flow through 
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the other circuit we see that this circuit consists of inductors 
10, 12, 14, 16, 18, 20, 23, 25, 1, 3, 5, 7, and end connections. 
These two circuits are indicated in the figure in black and red 
respectively. 

The foregoing explanation holds for a two-pole machine. A 
similar winding for a four-pole machine is shown in Fig. 82. 
The Une current divides and enters by the two negative brushes. 
If we trace the path of the part that enters at commutator seg- 
ment 1 we find that it divides, one part going by way of inductors 
4, 17, 2, 15 and out by way of commutator segment 8. The 




other part goes by way of inductors 1, 6, 3, 8 and commutator seg- 
ment 3. The current that enters by way of the upper negative 
brush divides in the same manner. It is thus evident that for 
this type of winding there are as many paths through the arma- 
ture as the magnetic field has poles. 

If the windings shown in Figs. 80 and 82 be cut and unrolled 
flat, the arrangement and connections of the inductors, and cur- 
rent paths, may be illustrated by the diagrams 81 and 83. An 
examination of these diagrams shows that the winding laps back 
over itself and for this reason it is called lap winding. It is also 
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called parallel winding because there are as many current paths 
in parallel as there are field poles. Another arrangement of this 
type of winding is iUastrated by Fig, 84, where two conductors per 
slot are shown, A careful tracing of the current flow from brush 
in contact with commutator segment fc, shows that one circuit con- 
sists of inductors 32, 17, 30, 15,28, 13, 26, 11,24, 9, 22 and.7. This 
circuit is shown in red. The other circuits can eaaily be traced. 
98. Wave Winding. — Another and more common form of 
winding is shown in Figs. 85 and 86. In this winding the end 
of each coil is connected to the beginning of the one having a cor- 




Fio. 86. 



responding position under the next magnet pole; and the winding 
in consequence is wave-shaped when developed, Fig, 86. For 
this reason it is known as wane winding. 

A careful tracing of the circuits in Fig. 85 shows that there 
are but two paths through the armature regardless of the number 
of poles and half the coils on the armature are connected in series 
in each path or circuit, whereas the lap winding has as many 
paths as there are poles, and a smaller number of coils in series. 
The wave wiijding is thus suitable for higher voltages than the 
lap winding. Of two four-pole machines having coils of the same 
number of turns and conductors of the same size, the armature 
with the wave winding will be capable of developing double the 
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voltage at half the current of that of the lap winding. The wave 
winding is cheaper and more easily installed on smaller machines 
where the number of turns is necessarily limited, and for these 
reasons it is almost universally used on the smaller direct-current 
dynamos of the multipolar type. 

99. Closed- and Open-coil Windings. — An examination of the 
drum windings explained will show that the coils in every case 
form one continuous or closed winding. Connections to the 
commutator are made by suitable taps. Only closed windings 
are at present employed on direct-current dynamo armatures. 
Open coils are used only on alternators, hence will not be dis- 
cussed here. 




100. Number of Brushes Required. — Referring again to Fig. 
82 we see that the current flows from commutator segments 1 
and 5 to the armature and from the armature coils to segments 
3 and 8. That is these commutator segments are junction points 
of the currents. It is thus evident that brushes must be placed 
at these points. For a lap winding there are required as many 
brushes as there are poles. 

The condition is, however, different with reference to the wave 
winding. For instance, in Fig. 85 one brush may be in contact 
with commutator segment e and the other brush may be in con- 
tact with segment g. These two brushes are suflicient, for at no 
other point in the armature will the current flow in opposite 
directions. Another pair of brushes may be placed, one in con— 
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tact with commutator segment c and the other in contact with i, 
but these brushes are unnecessary. 
^ XOl. Mechanical Construction of Armature Coils.— The arma- 
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tirely superseded by banding with ^teel wire which makes an 
open constmetioD, thus giving good ventilation. Wire bands are, 
however, used very seldom for retaining the armature coils within 
the slots. For this purpose fiber or wooden wedges are employed. 
With the use of these, repairs can be made more easily, since the 
wedges need be removed only from the slots in which the defec- 
tive coils lie. The use of steel bands is also objectionable be- 
cause where they cross the slots they form closed magnetic cir- 
cuits around the armature coils increasing the armature self- 




induction which in turn makes it more difficult to secure good 

commutation. 

For machines which require a very rigid construction, such as 
railway motors, the banded armature has been found to best 
answer the purpose. For generators and most motors, other 
than railway motors, wedges are used almost exclusively. A 
completed armature is shown in Fig, 90. 

102. Turbo-generator Armature. — Tlie electrical and magnetic 
principles explained in the preceding articles also apply to the 
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armatures of turbo-generators, but owing to the high speed at 
-^hich turbo-generator armatures are driven, they are smaller in 
diameter and a much more rigid construction is necessary. Fig. 
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The armature coils are held in place by wedges, and the 

windings are held against centrifugal force by bronze end 

The commutator bars are held in place by internal wedges 
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and external steel rings shrunk on over mica insulating bands. 
Fans for ventilation are provided at the commutator and the op- 
posite end of the armature. 

103. Influence of Type of Winding upon Electromotive Force 
of a Multipolar D3mamo. — In Chapters III and VI it has been 
shown that the electromotive force developed by a given dynamo 
depends upon the flux per pole, speed, and number of inductors 
in series between the brushes. The general principles apply to 
multipolar machines with lap- and wave-wound armatures, but 
slight modifications have to be made in order to take into account 
the number of parallel paths in the armature. Referring to Figs. 
82 and 83, we learned that there are four paths for the current 
through the winding. The electromotive force between a posi- 
tive and negative brush will be determined by the number of 
inductors in series between the brushes. The total number of 
inductors on the armature is 48; then as there are four paths, 
there will be ^%^ = 12 inductors in series between two poles. 
These inductors, in making n revolutions per minute, will cut the 
flux under four poles n times. If $ is the flux per pole, the aver- 
age electromotive force for the armature of Fig. 86 will be 

_ 4$n X 12 , . 

^ = lo^xW ^^"'• 

In general, E = ^^q ^ ^qg ; see Article 72. 

This expression shows that the wave winding for which g = 2 
will develop a higher voltage than the lap winding for which 
g = 4, other things being equal. 

Examples 

1. A six-pole generator has a lap winding. If there are 300 inductors o 
the surface of the armature, and if the flux is 900,000 lines per pole, wha-^ 
will be the voltage between the brushes at a speed of 1,500 revolutions p^ 
minute? 



Solution. — 



^ ^ pnZ^ 



g X 60 X 108 
p = 6. 
n = 1,500. 

* = 900,000 = 9 X 10«. 
g = 6. 
Z = 300. 



Then E = 
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6 X 1,500 X 9 X 10» X 300 



6 X 60 X 10« 
= 67.5 volts. 

2. What voltage will the generator in question 1 develop if the winding 
be wave connected, other conditions remaining as before? 

Solution. — ^All the conditions are the same as before, except q which is 
2 instead of 6, hence 

6 X 1,500 X 9 X 10*^ X 300 

^ " 2 X 60 X 10« 

= 202.5 volts. 

104. Brushes and Brush Holders. — Although brushes and 
brush holders can not properly be considered a part of the arma- 
ture, nevertheless as they are the connecting link between the 
commutator and external circuit, a brief treatment of them will 
be given here. 

On some of the earUest machines, brushes made from steel bars 
w-ere employed, but owing to the relatively high resistance and 
ma^gnetic properties of steel these were soon replaced by copper. 
Tti.e high electrical conductivity and elasticity of copper, at first, 
^I>r>eared to be very desirable properties for brushes. In many 
ins-fcances, however, the high conductivity was not an advantage. 
Ttie brush short-circuits two or more commutator segments; in- 
^'v^i'tably a current flows between the armature coils whose com- 
iicxxxtiator segments are short-circuited. The high conductivity 
^f oopper brush permitted excessive short-circuit currents to flow. 
Th-ese excessive currents burned, not only the brushes, but the 
^oxximutator segments as well. Another objectionable feature of 
^^I>per brushes was the destructive cutting and abrasion of the 
^^Ucimutator that sooner or later developed. This cutting was 
^^t>ecially prominent where the brushes were made of soUd bars 
^* oopper. To overcome this difficulty the brushes were made 
^* Several sheets or leaves of copper or brass gauze; but even this 
^^^ not prove wholly satisfactory; nevertheless, for low-pressure 
^^^ large current-output machines, thick copper brushes are still 
^'^iDloyed. On high-potential machines, especially on railway 
^^^txcrators and motors, some form of carbon brushes is used. 

iT'he carbon employed is usually a mixture of powdered coke 

p^^^ graphite with a trace of paraffine for lubricating purposes. 

^^ exact proportions of the ingredients vary with different 

^^:riufacturers. As generally made the powdered coke and 

^^^•phite are thoroughly mixed in the desired proportions and 

^^ii the mixture is compressed into large slabs of nearly the 
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desired thickness. These slabs are then baked and afterward 
milled to the required dimensions.' As it is very important that 
the carbons fit closely in the holders, each individual carbon 
block is tested for thickness and must be between 0.002 inch and 
0.010 inch thinner than the opening of the holder into which it 
is to fit. No such close fit is required in the width of the carb on, 
a variation of }^2 ii^^h being allowed in this dimension. 




Por machines of large current capacity several individual car- 
bon blocks are assembled, side by side, into proper holders, thus 
constituting a set. The number of blocks necessary to form a 
set in any case is determined by the current output or intake of 
the machine, the brushes being designed to carry from 30 to 50 
amperes per square inch of crosS'Sectional contact area. 

The electrical connection between the brush and holder is usu- 
ally made by a flexible conductor of braided copper. One end 
of this conductor is soldered or bolted to the carbon brush, which 



' Dimensions for standard sizes are given by M. 
Reviev! and Western BieciTician, Vol. 10, p. 503. 
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in tho first case must bo copper-plated, and the other end is fast- 
ened to the bruah holder, usually by a bolt. This construction 
is well shown in Figs. 92, 93, 94 and 95. 

Close contact of thi; brush with the commutator is maintained 
by springs which may be cither flat or spiral. Those springs are 




^r^'^j tistable and are so designed as to give practically constant 
Pi'essure throughout the useful life of the brush. This pressure 
^hoHld be from 1.5 to 2 pounds per square inch of contact area. 
An^ greater pressure does not materially decrease the contact 
•"esistance, but increases the friction 
t>et^een the brushes and commutator, 
i"«;sijilting in loss of energy and heating 
tii^ commutator. 

With the exception of railway 
'^'^tors, it is the usual practice to set 
Carton brushes at a slight angle to the 
fa.ce of the commutator. This posi- 
*-*on gives much smoother action and 

^^es^ chattering than the radial position, 
*■* makes little if any difference in 
''^liich direction the armature rotates. 
Some claim that a better contact is maintained between the brush 
s-nd brush box if the armature is turned in the direction of the in- 
"^'ifation of the brush. As only a part of the current is con- 
"dieted through the box, this is of no great importance. 
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; radially. tB 



Oa railway motors the brushes are usually set r 
of railway motor brushes is shown in Fig. 96. The brush pres 
is adjustable by means of a pawl and ratchet device, each sp 
being adjustable separately. 




The carbon brush holders may be divided into two gen 
classes, the sliding or box type and the clamped type. 




In the sliding type the individual carbon is placed in a fel 
ing box which permits free movement of the carbons radii 
Figs. 94 and 96 illustrate this type of holder. 

The clamped type is that in which the carbon is boltec 
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clamped rigidly to a, pivoted support. In this type of holder the 

flexible shunt is in contact with the brush over its entii'e rear 
surface. A type of brush holder that ia midway between these 
two general classes is that used by the Ridgway Dynamo and 
Engine Co., whose brush, brush holder, and atud are shown in 
Fig, 97, The brush is held at an angle against the commuta- 
tor. As in the other types, the carbons are connected to the 
holder by flexible leads. 

The sliding type has several advantages. The small inertia of 
the carbons or moving parts enables the brushes to keep in inti- 
mate contact with the comjnutator, and makes this style of holder 
particularly adaptable to high-speed machines. The clamped 
type generally finds its best application where it is necessary to 
carry relatively large currents. With small carbons this type 




ienfl^^ 



permits of a cheap construction with relatively high efEcien( 
For commutator service it is inherently defective, owing to the 
inertia of the moving parts. This objection, however, is not so 
important when the brushes are small. 

105. Brush Rigging. — In general, the brush holders are 
mounted on studs which are attached to but insulated from a 
suitable brush rigging which in large machines consists of two 
rings connected by radial cross arms as shown in Fig. 98. The 
larger ring is accurately fitted in a recess in the field yoke in 
which it may be shifted to secure proper brush position. A 
brush stud with a set of brushes is shown in Fig. 99. The brush—* 
studs are connected to two heavy rings of copper insulated from^K 
each other and from the rocker ring. The terminal cables o^e3 
leads are connected to these bus rings, as is seen in Fig. 98. 

On the smaller machines the brush rigging is usually mounte ^l, 
on the bearing and is held in place by a set screw. 
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Recapitulation 

1. The armature of a direct-current dynamo is. the rotating member in 
the conductors of which the electromotive force is induced. 

2. The armature core is built up of stampings of sheet steel of high per- 
meability. The planes of the laminations are at right angles to the shaft. 

3. There are three sources of energy loss in the armature. These are 
eddy currents, hysteresis, and PR losses in the windings. 

Eddy currents are produced by the armature core cutting the field flux. 
To reduce their effect the armature core is laminated. 

The hysteresis loss is due to the reversal of magnetism in the armature 
core as it passes from beneath one pole under a pole of opposite polarity. 
In order that this loss may not become excessive the laminations are made 
of iron of high magnetic quahty. 

The losses due to the heating of the armature coils are kept small by using 
low-resistance winding. 

4. The function of the commutator is to change the connections of the 
armature coils with the external circuit every time the current in the coils 
is reversed. Most of the prominent dynamo troubles manifest themselves 
at the commutator. 

6. The drum-armature winding is the only type used on commercial 
machines. There are two main kinds of drum winding, the lap winding and 
the wave toinding. 

The lap winding, as its name impHes, is a winding in which the successive 
turns of the coils lap back over each other. 

The waoe winding is a type of drum winding in which the successive ele- 
ments progress continuously in the forward direction in a wave form around 
the circumference of the armature. Wave and lap windings are often called 
series and parallel windings respectively. 

6. The number of sets of brushes for armatures with lap winding must 
l>e the same as the number of field poles. 

For armatures with wave windings there may be as many sets of brushes 
^s there are field poles, or there may be only two irrespective of the number 
of field poles. 

7. The pressure between brushes of a multipolar generator is 

p^Zn 



E = 



g X 60 X 108 



'^V'lien p, g, *, Z, and n have the significance given in Article 72. 

8. Brushes for direct-current dynamos are usually made of some form of 
^^.xbon. They are held against the commutator by springs which should 
^^>C€rt a pressure of 1.5 to 2 pounds per square inch of contact area of the 
finish. 

With the exception of motors which must be reversed often, it is the usual 
I^^»ctice to set carbon brushes at a sHght angle to the face of the commutator. 

The current is conducted from the brush through a braided copper con- 
^ ^ctor, commonly called "pigtail," to the brush rigging. 
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CHAPTER IX 

USES OF ELECTRICAL ENERGY 

106. Introductory. — The output of an electrical generator may 
be used for such a variety of purposes that only a few of the most 
common applications will be enumerated here, and these will be 
explained primarily to show how the character of the application 
influences the design and characteristics of the electrical appa- 
ra-fcxis. In general, the industrial use of electrical energy may be 
cla^ssified under the following heads: 
(a) Heating and Ughting. 
Cb) Power. 
C<j) Electrolysis. 

(«) Heating. — ^Under heating may properly be classed any and 
^U conversions of electrical energy into heat which is then util- 
izec3. The simplest application is the conversion of the energy 
^f Sk.n electrical current in or by means of a resistance in accord- 
aixoe with Joule's law. Examples are electrical stoves, heating 
de Alices, flat irons, etc. The conversion of electrical energy into 
^ish-t "by means of the incandescent and arc lamps may also be 
cla,ssed as heating, for, in the main, the light is caused by raising 
^ho temperature of some body to incandescence, and the light 
P^c>cluced is such a small per cent, of the total energy converted 
t>h.^t it may be considered as a by-product from the viewpoint 
^f energy conversion. 

This, however, does not apply to the production of light in the 
^^'^^I'cury-vapor lamp or in the Moore vacuum-tube system. 

The production of light in the mercury-vapor lamp is perhaps 
^^e to two causes, heating and some form of electro-luminescence. 
^^^is is shown by the fact that the efficiency of the lamp is very 
^Sh, 3^ watt per candlepower, and is not affected by change in 
^^"^ttperature. In the Moore vacuum tube the light is produced 
^^inly by luminescence. Both heating and luminescence are 
Actors of light production in the luminous arc lamps. 

The use of the electric current in the electric furnace is also of 
^^sti industrial importance. While chemical combinations and 
16 131 
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decompositions are produced in the electrical furnace, these 
changes are due mainly to temperature effects and not to electro- 
chemical action as in the case of an electrolyte. The products 
of the electric furnace are numerous and are constantly increasing 
in importance. 

(6) Power, — The conversion of electrical energy into mechan- 
ical energy by the action of an electric motor is so common that 
it need scarcely be mentioned. The ease with which energy, 
which is generated at a large central station or hydro-electric 
plant, may be transmitted to places where it is to be utilized, and 
the fact that the energy generated can easily be subdivided and 
by means of the electric motor it can be conveniently applied 
directly to a machine has resulted in important and wide applica- 
tions of the dynamo. Thus the energy of the electric current 
is now used for the operation of the smallest as well as the largest 
machines. The electric motor drives not only the motors on 
street cars and tools in machine shops but all kinds of things — 
from appliances such as an egg-beater and a sewing machine up to 
the great battleship New Mexico. 

In many instances the electric motor can be used to apply 
power more advantageously than the steam engine, and in other 
instances it can apply power for operations for which the steam 
engine is not suitable. 

(c) Electrolysis. — The term electrolysis, as here used, refers to 
the process of dissociating chemical compoimds by the electric 
current, such as electroplating, the manufacture of electrolytic 
compounds, and the electrolytic recovery of ores. 

107. Distribution Systems. — For the purpose of conveying 
electrical energy from its source to the apparatus where it is to 
be utilized, a system of conductors is required. Such a system 
of conductors which electrically connects the generating station 
with the receiving apparatus is called a distribution system. 
Direct-current distribution systems are chiefly of two kinds: 

(a) Series. 

(6) Parallel. 

(a) Series System, — The first device for the conversion of 
electrical energy into Ught was the arc lamp. It was also the 
only device that was to be connected to the generator, hence the 
simplest arrangement of the lamps was employed. The lamps 
were connected so that the current passed successively from the 
positive terminal of the generator through all of the lamps in 
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series to the negative tei-ininal, Fig. 100. This is known as the 
aeries system of distribution. It is very evident that only lamps 
of the same current capacity could be connected in series and 
that for efficient operation the current should remain constant. 
The electrical pressure on a series system diminishes through- 
out the entire circuit in direct proportion to the resistance and I 
the number of lamps in the circuit. Hencej when one lamp ia j 
either connected to or disconnected from such a circuit, the pres- 
sure at the generator required to send the current through the I 
remaining lamps is different and accordingly the generator pres- 
sure must be varied. The generators required to furnish cur- I 
rent for such a circuit had to be designed so as to automatically ] 
vary the voltage over a wide range and yet have a constant c 
rent output. Direct-current generators of this type are not used 
to any great extent at present. Where a series circuit of any 
extent is used the current supplied is usually alternating, and the 




current is maintained constant by a suitable transformer. The 
series circuit in this country is used almost exclusively for street 
lighting. 

(b) Parallel Circuits. — As the number of devices to be operated 
electrically increased, it became impossible to supply each device 
from a special generator, and hence, in order that each device 
might be Operated independently and at the proper voltage 
a different system of connections was devised. This system 
is known as the parallel, or multiple system, Fig. ]01. There 
are two types of parallel circuits in use, the iwo-wire and the 
tkree-mre,^ 

In the series system the voltage at the generator had to be 
equal to the pressure across one lamp multiphed by the number 
of lamps plus the voltage drop in the wires, terminals, etc. The 
generator thus operated at a comparatively high voltage. For 
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house lighting, the arc lamp is too large a unit and the introduc- 
tion of such high voltages into houses is dangerous. 

The parallel or multiple system was adopted for incandes- 
cent Ughting because of the necessity of operating the lamps at 
low pressure and of the comparative ease of control. The vol- 
tage was fixed at about 110 volts by the nature of the carbon 
filament of the early incandescent lamp, which could not be made 
to give 16 candlepower at a much lower voltage without reducing 
its Ufe. 

The great variation in the light produced by sUght fluctua- 
tions in the voltage at the terminals of the incandescent lamp 
necessitated the appUcation of constant pressure, and accordingly 
constant potential dynamos were developed. At present nearly 
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all generators are designed to give practically constant pressure. 
In general it may be said that the constant-current generator 
has been used almost without exception to supply current to 
series Ughting circuits which formerly consisted of arc lamps ex- 
clusively. With the development of the tungsten lamp both for 
series and parallel operation the old carbon arc lamp is rapidly 
being displaced. The flaming carbon arc and the metallic arc 
lamps will undoubtedly continue to be used for some time to 
come. The former may be used on either direct- or alternating- 
current circuits while the latter is suitable for direct-current cir- 
cuits only. But the current in either case is usually supplied by 
an alternating-current generator, and for the metalUc arc lamp, 
it is rectified. 

Most motor work, whether for factories, crane service, elevator 
service, electric railways, or numerous other uses, requires prac- 
tically a constant pressure at the terminals of the motors. 
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Electroplating vats, while they usually require approximately 
a constant current, are usually connected to be operated from a 
constant-potential dynamo. 

Storage cells are usually connected with a sufficient number 
in series so that the normal voltage of the battery will approxi- 
Baately equal the voltage of the machine to which they are con- 
nected. The change of voltage of the battery with the charge 
is taken care of by the use of end cell switches or some equivalent 
device. 

Each of the above classes of service calls for a constant- 
potential supply system. An absolutely constant-potential sys- 
tem is never found in practice but the term is usually appUed 
to any system where an attempt is made to maintain the poten- 
tial at a constant value. Owing to the fact that a small change 
of pressure has a marked effect on the light given by an incan- 
descent lamp and the life of the lamp, as well as on the satis- 
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factory operation of other apparatus of the system, it is extremely 
desirable to maintain the pressure on such a system as nearly as 
possible at a constant value. For incandescent lighting the 
P^^^sure should be kept at all times within 3 per cent, of the 
^o^t*i3ial rating of the system. The methods of maintaining con- 
sta^xt voltage will be discussed later in connection with the various 
^yt^es of dynamos. 

•^08. Two-wire Parallel Circuit. — The two-wire circuit is repre- 

^^^ted in Fig. 102. G is the generator which suppUes current at 

^^^stant voltage to the lamps which are connected in parallel 

^^^'oss the two line wires. When such a connection is employed, 

^"^ current in the mains is equal to the sum of the currents in 

^ne lamps. If many lamps are connected to such a circuit, the 

^^ins will have to be large in order to keep the voltage drop 

within reasonable limits, that is, the amount of copper used for 
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conductors is large. The low voltage two-wire circuit is thus 
suitable for only comparatively short distances. 

109. Three-wire Parallel Circuit. — To extend the distance 
over a wider territory than was economically possible by the 
two-wire system there was proposed simultaneously by Edison 
in this country and by Hopkinson in England, a modification 
termed the three-wire system. Fig. 103 shows the essential 
features of such a system. A and B are two similar generators 
connected in series. The voltage between the outside mains is 
twice the voltage of either generator. The advantages of the 
three-wire system of power distribution he mainly in the fact 
that a higher voltage may be used and thus the same power 
may be transmitted over smaller wires than in the two-wire 
system. 

From Fig. 103 it will be evident that if lamps 1 and 2 are alike 
and both are turned on, the current will flow through the two 

^ lamps in series and therefore 

there will be no current flowing 
in the middle wire or ''neutral." 
Likewise in Fig. 104, if the lamps 
in both sets are alike, and for 
every lamp turned on in set A, 
the lamp in series with it in 
set B is turned on, there will be 
no current flowing in the neutral. 
The system will then be the 
equivalent of a 220-volt two- 
wire system with a number of 110-volt lamps connected two in 
series between the 220-volt mains. 

Again in Fig. 104 when a number of lamps in each set are 
turned on so that the same amount of current is required by the 
lamps of set B as by the lamps of set A, there will be no current 
flowing in the neutral between E and F, but there may be some 
current in part or all of the section of the neutral between C 
and E, Suppose all the lamps of set A are turned on except No. 
11, and all of the lamps of set B are turned on except No. 
10. In this case the same number of lamps are turned on in 
each set, and as the lamps are all alike each set will require the 
same current and, therefore, there will be no current flowing in 
the neutral between E and -F, but the current flowing through 
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lamp No. 9 will flow through the neutral from D to C, and then 
through lamp No. 12. 

Balanced Load.— When the lamps in operation on each side 
of the neutral require the same current and there is no current 
flowing to or from the generators through the neutral, the load is 
said to be balanced. It will be noted from the above that in order 
to have a balanced load it is not necessary to have the lamps of 
the same rating, neither is it necessary to have the same number 
of lamps on each side of the neutral; the only requirement being 
that the lamps in operation on each side of the neutral take the 
same current. 

Vnb(Uanc€d Load. — It can not be expected that a balanced 
loadj such as has been described above, will always exist, in fact, 
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it seldom exists. In case the load is unbalanced, that is, equal 
currents are not required by the lamps on each side of the 
neutral, the neutral will carry the difference in currents. 

In Fig. 103 if only lamp 1 is turned on, the current will flow 
out through the upper wire and back to the generator through 
the neutral. If only lamp 2 is tm'ned on the current will flow out 
through the neutral and back to the generator through the lower 
wire. In the first case, only generator A will be supplying cur- 
rent, and in the second case, only generator B will be supplying 
current. 

In Fig. 104 if lamps Nos. 1, 2, and 3 each requiring 1 ampere 
are turned on, 2 amperes will flow to the lamps through the upper 
wire; the current will then divide and go through lamps 1 and 3 
and will come together again at E where it will again divide, 
half of it going to lamp 2 and the other half returning through the 
neutral to the generator. 
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110. Voltage Drop in Three-wire Systems. — The voltage at 
the lamps in a three-wire system is not the same as at the gen- 
erators. When the load is balanced, there is a voltage drop in 
the two outside conductors and the pressure across both lamps 
is diminished by this voltage drop. The pressures across each 
of the two sets of lamps are the same and equal to one-half the 
diflference between the two generator voltages and the voltage 
drop. When the load is unbalanced the current in the neutral 
also produces a voltage drop which modifies considerably the 
division of the appUed pressures. This voltage at the lamps, 
when that at the generators is given, can be calculated by the aid 
of Kirchofif's laws which have been explained in a preceding 
chapter. To apply these laws to the determination of the vol- 
tage at the lamps let us assume the following general conditions: 

/i = current in upper main, 
/o = current in the neutral, 
1 2 = current in the lower main, 
Ri = resistance of upper main, 
-Bo = resistance of neutral, 
R2 = resistance of the lower main, 
Ra = joint resistance of the A set of lamps, Fig. 104, 
Rb = joint resistance of the B set of lamps, 
Ea = voltage of generator A, 
and Eb = voltage of generator B. 

Then I1 + I2 + Io = 0, by KirchoflF's first law. 
By the second law we have 

Ea = I\R\ + IiRa + IqRq 
and 

Eb = i IqRq + I^Rb + I2R2 
which gives 

IiRa = Ea — IiRi ± loRo for set A 
and 

hRs = Eb — I2R2 + loRo for set B, 

The sign to be prefixed to IqRq will depend upon the balance of 
the load. When the load is unbalanced and Ji > hj Ii = I2 + 
7o, and when I2 > I\, I2 = Ii + h^ Hence when the term 
IqRo is positive for one set it is negative for the other set and vice 
versa. The equations thus show that the pressure at one set of 
lamps is diminished by the voltage drop in the neutral, and in the 
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other set it is increased by the same amount. An example will 
serve to make this more easily understood. Different means 
employed to secure equal voltages between neutral and outside 
wires will be explained in connection with three-wire generators. 

EXAMPLE 

A three-wire circuit supplies 500 lamps each taking J^ ampere; 275 lamps 
being on one side of the neutral and 225 on the other side, all at a distance of 
1,000 feet from a 231-volt three-wire generator. The voltage between the 
neutral and either outside main is maintained at 115.5 volts at the generator. 
The outside wires are of No. 0000 A.w.g. copper wire and the neutral consists 
of No. wire. Find the voltage across each set of lamps. 
SoltUion. — 

/i = 275 X a = 137.5 amperes. 

h = 225 X M = 112.5 amperes. 

h = 137.5 — 112.5 = 25 amperes. 

Ri = 0.05 ohm at 25°C. 

Ro = 0.1 ohm at 25°C. 

R2 = Ri = 0.05 ohm. 

Since Ii = I2 -\- loj we have 

IiRa = Ea — IiRi — loRo 

= 115.5 - 137.5 X 0.05 - 25 X 0.1 

= 115.5 - 6.875 - 2.5 

= 115.5 - 9.375 

= 106.125 volts 
and 

/2^fi = Eb — I2R2 "h IqRq 

= 115.5 - 112.5 X 0.05 + 25 X 0.1 

= 115.5 - 5.625 + 2.5 

= 115.5 - 3.125 

= 112.375 volts. 

111. Advantages of Three-wire Systems. — The advantage of 
the three-wire system is found in the reduced amount of copper 
necessary to deliver a specified amount of energy. Assuming a 
balanced load it can easily be shown that for the same voltage 
drop, and with the neutral wire of the same size as the outer 
wires, only three-fourths as much copper by weight is needed for 
the three-wire system as for the two-wire system. For the same 
percentage drop in voltage the amount of copper needed is 
reduced to three-eighths. In short, under the first condition 
there is a saving of 25 per cent, and in the second case a saving 
of 62.5 per cent, of copper results. 
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Recapitulation 

1. Electrical energy is used for a variety of purposes; these may be classi- 
fied under the following general heads: 

(a) Heating and lighting. 

(6) Power. 

(c) Electrolysis. 

2. All the devices for the utilization of electrical energy require for their 
operation either constant current or constant pressure. To meet these 
requirements we have constant-current and constant-potential dynamos. 
Nearly all electrical appliances are now operated from constant-potential 
generators. 

3. There are two general types of distribution systems, the series system 
and the parallel system. 

In the series distrihtUion system all of the current-consuming devices are 
connected so that the same current flows through each. Thus consuming 
devices of the same current capacity can be operated in series. 

In the parallel distrihution system the current-consuming devices are con- 
nected in parallel across the supply wires. For parallel operation the con- 
suming devices must be designed for the same voltage, but each may have a 
different current capacity. 

4. Parallel distribution systems are of two kinds — ^two-wire and three- 
wire. The advantage of the three-wire system over the two-wire system is 
that it makes possible economical distribution of electrical energy over 
greater distances. 



CHAPTER X 
TYPES OF DYNAMOS 

112. Excitation of Dynamos. — While the magnetic and elec- 
trical principles are the same in all direct-current dynamos, the 
service requirements are such that machines with different oper- 
ating characteristics have been developed. The different types 
of generators and motors are differentiated from each other by 
methods of excitation, that is, by the manner in which the cur- 
rent for the field magnet coils is supplied and the manner in 
which these coils are connected to the armature and external 
circuit. The common methods of excitation are: 

Co) Separate. 

<b) Shunt. 

<c) Series. 

<<f) Compound. 




*^) Separate Excitation. — A dynamo is said to be separately 

^cited when the source of field current is different from that of 

^ s.rmature. A generator is said to be separately excited when 

, ^ **i,agnetic field is excited from some outside source, A motor 

8 Separately excited when the current for the field coils and that 

^ the armature come from different sources, Fig. 105. This 

^thod of excitation is used to a very limited extent on direct- 

^^''*^nt dynamos; on direct-current generators it is never used, 
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and on motors very seldom. Alternators, on the other hi 
are usually separately excited. 

(d) Shunt Excitation. — A shmit-excited dynamo is one 
which the field circuit and armature circuit are connectet 
parallel if the dynamo operates as a motor. The connect 
are exactly the same for motor or generator, but as the soi 
of the exciting current is the armature when the machine is o 
ated as a generator, the field circuit is then in series with the ar 
ture and in parallel with the load circuit. Sketch, Fig. 
shows how the shunt field is connected. If the dynamo is o 
ated as a generator, the current from the armature enters 
field circuit at A and after circulating through the field wine 
reenters the armature at the other brush, B. By means of 




rheostat the current through the field winding is regulated. ' 
shunt-field winding consists of many turns of comparatii 
small wire. The resistance is high as compared with the ret 
ance of the other circuits of the dynamo. The field curren 
equal to the terminal voltage divided by the resistance of 
field winding and the rheostat. In algebraic symbols, if J 
the terminal voltage, 

E 



// = 



Rf 



R 



where Rf is the field winding resistance, and R is the rheo: 
resistance which is variable, R/ is comparatively high, henc 
is relatively low, but, owing to the many turns in the wind 
the magnetomotive force is sufficient to develop the desired i 
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If Ra is the armature resistance, the terminal pressure h E = 
Eo — IRa, where Ea is the electromotive force induced; E 
will vary with the load. Ra is small, however, and hence the 
variation in terminal voltage due to this cause is comparatively 
small. The energy loss in the shunt field is //*(S/ + R). In 
order that this may be small, Rf is large and J/ is small. 

(c) Series Excitation. — The first self-excited dynamo to be 
developed was the series dynamo. In this type of dynamo the 
field windings which produce the excitation are connected in a 
continuous path or circuit with the armature and the external 
circuit of the machine. Fig. 107 gives a diagrammatic view, of 
such connections. In thb case the current flows from the posi- 
tive brush of the machine through the field coils, then to the ex- 
ternal circuit, and back to the 
negative brusli. The circuit 
then consbts of the armature, 
field, and external circuit. Since 
tiiese are all connected in series, 
the value of the current in each 
pa.rt is the same. The pressure 
^ expended in the total circuit 
is a-bsorbed as follows: IR is the 
•^op through the external circuit 
" the external load consists of 
resistance only; IR} is the drop 
'1 the field windings; and /fl„ 
is the voltage drop in the armature. Rj and Ra are the resist- 
«Qce of field and armature windings respectively. The total 
pressure Bo is then equal to: 

Eo^ 1R + IRf + IRa 
or 

Eo = I'{R + fl/ + /^=)- 

" ^ is not known, we may express IB by E and thus get: 

Ea = E-\- I{Rf + Ra). 

'I'lle armature and field resistance of a series machine should l>e 
^ Small as possible in order to reduce to a minimum the losses 
■"•^thin the machine. It has been shown that the heat loss due 
^ ^^esistance within any circuit is proportional to I'^R. It is 
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evident, then, that a lai^e value of R will cause a large p 
the energy of the current to be lost as heat. This will hai 
harmful effects: First, the energy loss will decrease the efG 
of the machine; and second, the large amount of heat will 
an excessive rise in the temperature of the windings. 

(d) Compound Excitation. — For compound excitation t 
namo contains both a series and a shunt winding. Fig. 108 
the winding as ordinarily apphed to this type of machine, 
shunt winding consists of many turns of fine wire as in the r 
shunt machine, while the series winding consists of a few 
of large wire. In the compound-wound dynamo, the shunt 
ing may be considered as furnishing a certain initial flux, 
the ■compound winding reinforces or opposes the action 
shunt magnetomotive force, depending upon the charact 
desired. There are thu 
types of compound wini 
the cumulative and the di 
tial. There is no differe: 
the mechanical construct 
the two windings, the diS 
being in their connection 
armature. 

In the cumulative com 
winding the magnetomotiv 
of the series winding is 
same direction as that < 
shunt winding, while in the 
ential compound winding the two magnetomotive forces c 
each other. Cumulative compounding is employed on mos 
tral-station direct-current generators and motors. The di 
tial winding is httle used. At present it is practically 1: 
to generators used on automobiles for charging the storag 
tery. A generator for this class of service must furnish 
tically a constant current or rather the current must not i 
a certain value, while the speed varies through a wide 
The electromotive force of a shunt generator under sucl 
ditions would vary greatly, increasing and decreasing wi' 
speed but at a higher rate. To keep the electromotive for< 
thus the current from exceeding a predetermined value, a 
ential winding is sometimes employed. The current th 
the series coils demagnetizes the field as the speed increases 
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P^^^enting the electromotive force from rising to an excessive 
v^Xxie. The differential compound motor is no longer used. 

t is not necessary in most machines to send all of the Une cur- 
i through the series winding. A few turns of wire are passed 
^^^^und the field poles and the two points A and B, Fig. 108, are 
^^^xinected by a German silver shunt. The Une current divides, 
P^^xt of it going through the shunt and part through the series 
^^^>ils. When the machine is tested, the length of this shunt is 
^^^ justed to secure the proper degree of compounding. 

^ Recapitulation 

1. Direct-current dynamos are classified in accordance with the means of 
^^^c: citation employed. This basis of classification gives the following types of 

'namos: 

(a) Separately excited dynamos. 

(6) Shunt dynamos. 

(c) Series dynamos. 

id) Compound dynamos. 

2. The separcUely excited dynamo is one in which the source of field current 
different from that of the armature. 
The shunt dynamo is one in which the armature circuit and field circuit 

connected in parallel when the machine is operated as a motor, and the 
^eld circuit and load circuit are connected in parallel when the machine is 
^^perated as a generator. 

The series dynamo is one in which the armature circuit and field circuit are 
i^Ki series, and the two are also in series with the load circuit. 

The compound dynamo is one employing both shunt and series excitation. 
iThere are two types of compound dynamos, namely the cumulative com- 
X>ound and the differential compound. 

In the cumulative compound method of excitation, the magnetomotive 
^orce of the series winding reinforces the magnetomotive force of the shunt 
^vrinding. 

In the differential compound method of excitation the magnetomotive 
■force of the series winding opposes the magnetomotive force of the shunt 
"winding. The differential winding is seldom used. 

3. The armature resistance of all dynamos is very small. The resistance 
of the series windings is also very low. The resistance of the shunt winding 
is, however, comparatively high. The exact value of the resistance is in 
each case determined by the voltage and capacity of the machine. 
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CHAPTER XI 

COMMUTATION 

113. Definition. — In Article 29 it was shown that when the 
armature rotates an alternating electromotive force is induced in 
the inductors, and that in order to have a current flowing con- 
tinuously in one direction in the load circuit it is necessary to 
interchange the connections of the armature inductors with the 
external circuit every time the electromotive force in the inductor 
is reversed. This rectification of the alternating armature cur- 
rent is known as commutation. To secure this interchange of 
connection of armature inductors and external circuit with the 
least possible disturbance requires great care and experience in 
design. 

114. Elements of Commutation. — By reference to Fig. 83 it 
is evident that the current fiow under the pole-face is continuously 
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in one direction under a north pole and in the opposite direction 
under a south pole. As the current enters the armature at the 
negative brush it divides and fiows by two paths through the 
armature coils finally returning by two paths to the positive 
brush. The current strength is the same in all of the inductors 
except those undergoing commutation. The length of the line 
BHj Fig. 109, represents the current strength in the armature 
inductors. If at the instant represented })y the point B, the 
commutator segment severs or breaks contact with one brush, 
at that instant it must carry the current flowing in the other 
17 147 
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inductors with which it is connected in series. This intensity or 
strength of current is represented by BH. 80 long as the load 
remains constant the current in the inductor will remain con- 
stant until the commutator segment comes into contact with the 
next brush at the point C. During the interval of time required 
for the conductor to pass from C to D the current should drop to 
zero, reverse, and attain an equal intensity in the opposite direc- 
tion. Were such a condition attained in practice the perform- 
ance of the machine, with respect to commutation, would be 
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perfect. There are several factors, however, which modify these 
conditions and which must be considered. 

116. Factors Affecting Commutation.— The factors that mainly 
affect the completeness of commutation are the inductance of the 
coil undergoing commutation, armature reactions with varying 
load, resistance of the brushes and brush contacts, width of 
brushes, and air gap. The effect of each of these will be con- 
sidered somewhat more in detail. 

116. Inductance of Armature Coil. — For simplicity let us 
consider a ring armature as shown in Fig. 110. The electro- 
motive force generated in coil 1 when in contact with brush Bi, 
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is practically zero, unless there is considerable interpolar flux, 
which for the present will be neglected. As the coil rotates 
toward the right this electromotive force rises and reaches a 
maximum when it reaches the position occupied by coils 5 and 6 
in tie figure, or about midway between the brushes Bi and Bj. 
The electromotive force then decreases and reaches zero again, 
when the coil enters the interpolar space and occupies the position of 
coils 9 or 10, This fluctuation of voltage has already been fully ex- 
plained. The current in this coil is, however, constant from the 
tim^ it leaves the brush Bi until it again makes connection with 
bnzsh Bi. This has been explained in connection with Fig. 109. 
Th^ current in the coil must reverse during the interval of time 
required for the insulation A, Fig. Ill, to pass across the brush. 




^Uring this interval of time the current must change from +7 
** — -Z or a total change of 21. The rate of change of current is 
taen where ( represents the time interval. If L is the induc- 
^*lce of the coil, the electromotive force of self-inductance will 
® ~f~ X L. This is on the assumption that the rate of change is 

l^^if orm, or that the current change is properly represented by the 

^^ JJ, Fig. 109. The energy of the magnetic field due to the 

/^*'*'ent I must be dissipated and an equal amount stored when 

^ Current is reversed. This is a total change of energy equal 

** ■^-?*, If L is appreciable and if the duration of commutation is 

, ^''5^ brief, the rate at which this energy must be changed will be 

®**- and bad commutation will result. As a matter of (act (he 
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change of current during commutation is much more comp 
than that assumed. The moment the coil is short-circuited 
the brush, the current begins to die out at a rate depending up 
the resistance of the coil, contact resistance of the brush, 1 
inductance of the coil, and the rate and direction at which it 
cutting the field flux. The higher the resistance of the coil a 
brush, the more rapid the change of current, and the higher t 
inductance L the slower the change of current. If the field fl 
cut is in such a direction that the induced electromotive foi 
opposes the electromotive force of self-induction, the rate 
change will also be higher. Thus with respect to the relati 
effect of these factors good commutation is obtained in t" 
ways which are known as resistance commutation and voltt 
commutation. 

117. Resistance Commutation. — If the armature coil underi 
ing commutation is in the magnetically neutral plane, no flux 
being cut and hence no electromotive force, except that of se 
induction, is induced. Under such conditions the commutati 
is entirely determined by the inductance and resistance of f 
armature coil, brushes, and brush contacts. Where the elect- 
motive force of self-induction is negligible, low-resistance brusi 
may be used, otherwise a comparatively high-resistance bru 
and brush contact are necessary. It is the high contact resi 
ance of the carbon brush that is of importance in conamutati^ 
This contact resistance decreases with the load current, or put 
another way, the voltage drop between brush and commuta' 
increases very slowly with very considerable increase in currc 
density so long as the brush pressure remains constant. T 
reduction in the contact resistance with increase in current d^ 
sity is in some respects a disadvantage. For instance, as the la 
or working current increases, the electromotive force of s« 
induction also increases, and if at the same time the contact 
sistance is reduced it is evident that much higher local curre:i 
will flow. Under certain conditions when the voltage betwe 
the commutator segments is 2 volts the brush contact resistai 
may limit the local current to 20 amperes per square inch 
contact area. If, however, the voltage between comimuta' 
segments should be increased 50 per cent., then a local curr^ 
of possibly 150 to 200 amperes per square inch may flow, » 
this excessive current density may destroy the brush cont^ 
This disadvantage can not be satisfactorily remedied by the "■ 



COMMUTATION 151 

of brushes of high resistance, for as the brushes are also in the 

path of the load current any increase in this path will increase 

the losses. A compromise must therefore be adopted. In some 

machines, a low-resistance brush is practicable, with consequent 

iow loss due to working current. In other cases higher-resistance 

brushes give better average results.^ 

118. Voltage Commutation. — When the armature coil under- 
going commutation is cutting a magnetic field in a direction such 
that the electromotive force generated by the rotation opposes 
tlie electromotive force of self-inductance, the local short-cir- 
cuited currents may be kept within safe Umits. This is accom- 
plished by shifting the brushes forward on a generator or back- 
'W'ard on a motor so that the coil when undergoing commutation 
IS cutting flux imder the following, or preceding, pole. Another 
i^eans of securing good voltage commutation is the use of the 
commutating pole which will be explained later. In practice a 
combination of the two methods of commutation is employed. 

119. Armature Reactions, Definitions. — The direct-current 

dynamo has two interconnected electrical circuits — the armature 

^nd field windings. When carrying currents each of these 

^ircnits sets up a magnetomotive force which tends to set up an 

^dependent magnetic field. As a consequence there results a 

^oitiposite or resultant magnetic field which differs in strength 

^^d position from that produced by the field windings only. 

This change in the strength and distribution of the excitation 

field, caused by the armature magnetomotive force, is called 

^f'fTicture reaction, 

120. Cause and Effect of Armature Reaction. — The cause and 
effect of armature reaction will, perhaps, be more readily under- 
stood if we consider what takes place when a current-carrying 
coil is placed in a uniform magnetic field. The distribution of the 
Daagnetic flux around and through such a coil when no external 
Magnetic field is present is shown in Fig. 112. When the plane 
01 such a coil is placed at right angles to a uniform magnetic field 
* composite field results. Fig. 113. This composite field is 
stronger or denser on the inside of the coil where the two mag- 
Detomotive forces act in the same direction, than on the outside 
TOere they oppose each other. 

•^ similar phenomenon takes place when the magnetic field of 
^® field windings and that of the armature are superposed or 

• V*. Lammb, Electric Journal, Vol. 13. 
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combined. Fig. 114 shows the distribution of the magnetic 
flux across the air gap of a two-pole field when no current is flow- 
ing in the armature windings. It will be observed that the mag- 
netic hues are symmetrically distributed throughout the air gap 
and armature core. The distribution of this flux, imder the con- 




ditions assumed, is shown graphically in Fig. 115. Under the 
pole-face the flux density is uniform. In the interpolar space the 
flux density decreases very rapidly. The point where the flux 
density at the armature surface is zero is called the magnetic 
neutral point. The Une joining the neutral point with the center 




of the armature is called the neutral axis. Such a line is bh'. 
Fig. 114. 

If no current flows through the field windings, but a current is 
sent tbrough the armature, the flux distribution will be as shown 
in Fig. 116. In this figure the brushes are assumedto be midway 
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between the poles. When so placed the current flows away from 
the observer on one side of the armature and toward the observer 
on the other side. The conductors in which the current Sows 




away from the observer are marked « and those by which the 
current returns are marked o. The result of such a current 
distribution and flow is a north magnetic pole at the top and a 
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south magnetic pole at the bottom of the armature. It is very- 
evident that the direction of this field is at right angles to that 
produced by the field exciting current. 

If the field be excited at the same time, these two magnetic 
fields will be combined and there will result a distorted magnetic 




field as shown in Fig. 117. The resultant flux is no longer uni- 
formly distributed under the pole-face, but the density increases 
from one side to the other in the direction of rotation if the ma- 
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chine is a generator. This unequal distribution is shown graphic- 
ally in Fig. 118. 

When a machine is operating on no load and there is no field 
distortion the flux is evenly distributed as shown in Fig. 114, and 
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ttie neutral line is at right angles to the main field and the brushes 
aro located at b and V. With an armature with straight end 
connections or when the armature has spiral connections, the 
brushes would be set so that the coils being commutated Ue mid- 
way between the poles. 

The effect of the armature reaction mentioned above is to 

shift the main field, as shown in Fig. 117, so that the neutral Une 

is shifted in the direction of rotation or in a forward direction 

as shown by 66' and, in order to secure sparkless commutation, 

it is necessary to give the brushes a forward lead. The brushes 

would then be in a position corresponding to 66', Fig. 117, instead 

of at 66', Fig. 114. We may now consider the armature winding 

divided into four belts. If we assume the connections such that 

the conductors between 6 and c' are connected across to those 
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between c and 6', we will have a winding which will set up a mag- 
netizing force in the direction shown in Fig. 116 at right angles 
to the main field. The ampere-turns in this section of the wind- 
ing are called the cross-magnetizing ampere-turns. Suppose the 
conductors between c and 6, Fig. 117, are connected to those 
between 6' and c'; we have the ampere-turns in this belt pro- 
ducing a magnetizing force exactly opposed to that of the main 
field as shown in Fig. 119. These are called the demagnetizing 
ampere-turns. 

The combined effect of the separate magnetomotive forces 
may be shown graphically as in Fig. 120. Let the length and 
direction of OA represent the magnitude and direction respec- 
tively of the magnetomotive force of the field windings. Simi- 
larly let OB represent the magnitude and direction of the mag- 
netomotive force of the cross-magnetizing turns of the armature 
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and OC that of the demagnetizing armature turns. This last- 
mentioned magnetomotive force is in direct opposition to that 
of the field windings. Combining these Unes graphically, we have 
OD as the resultant armature magnetomotive force, and OR as 
the effective resultant of both the armature and field-current 
magnetomotive forces. A change in any of the components OA, 
OB J or OC will change both the magnitude and direction of the 
final resultant OR. As OB and OC change with the load current 
it is very evident that the effect of the armature reaction is not 
only to distort the field flux, but it also makes necessary the 
shifting of the brushes to the shifted neutral axis thus increasing 
the demagnetizing turns which reduce the flux produced. 

In operation, the effects of armature reaction are manifest 
only in the character of commutation. The most common 



Fig. 120. 

result of the excessive shifting of the neutral Une with fixed 
brushes is constant sparking and ''spitting" at the brushes. 
Extreme distortion results in excessive voltage between commu- 
tator segments which may cause flash-over although there are 
other contributory factors.^ 
Less apparent results are: 

1. Blackening and burning of the commutator. 

2. Excessive rise of temperature in commutator, due to ex- 
cessive local currents. 

3. Rough surface and reduced commutator Ufe. 

4. Rapid wear and deterioration of the brushes. 

121. Abatement of Armature Reaction Effects. — Several dif- 
ferent means have been employed to reduce the effect of arma- 
ture reaction. In the earUer machines provision was made for 
rocking the brushes. Thus as the current in the armature in- 
creased the brushes were shifted in the direction of rotation on 
generators and in the opposite direction on motors. 

^ B. G. Lamme: Proceedings A. I. E. E., September, 1915. 
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Shifting the brushes forward shifts the plane of commutation 
in the same direction and the current flowing in any coil is not 
commutated until the coil is cutting magnetic Unes in a reverse 
direction, so that the induced electromotive force counteracts 
the electromotive force of self-inductance. 

In a motor the direction of current flow is against the induced 
electromotive force. Thus the brush that is positive when the 
machine operates as a generator becomes positive when the 
machine is operated as a motor. The effect of the reversal of 





Fig. 121. 

the direction of current flow in the armature is to shift or distort 
the magnetic field backward with reference to the direction of 
rotation of the armature. The brushes must, therefore, be rocked 
backward, that is against the direction of rotation, if the electro- 
motive force induced in the coil by cutting magnetic lines is 
to oppose the electromotive force of self-induction. 

Although rocking the brushes is a simple corrective it has some 
important limitations. In the first place, if the load fluctuated 
rapidly each machine would need a separate attendant, or else 






Armature 
Fig. 122. 



some automatic brush shifting device would have to be used. 
For motors which have to be reversed, such as railway motors, 
such an expedient is wholly inappUcable since the brushes would 
be in the wrong position every time the direction of rotation 
was reversed. In the second place, the shifting of the brushes 
from the magnetically neutral plane increases the distortion, the 
effect of which it is desired to correct. This effect is especially 
marked on machines with constant field excitation. 

Another expedient adopted to Umit the field distortion due to 
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armature reaction is to construct the pole pieces in such a way 
that the forward tip is saturated. For this purpose the pole- 
piece laminations are punched without tips at one end and then 
assembled with tips alternating from one side of the pole to the 
other, Fig. 121. .By such a construction the area of the magnetic 
material near the armature is reduced and the flux density in the 
iron greatly increased. The field magnetomotive force required 
to produce the required flux is correspondingly higher and the 
same armature current can not as readily distort the field. 

The practice of using a strong or "stiff" main field with a 
relatively high reluctance in the magnetic circuit is also exempli- 
fied in the slotted pole cores, some forms of which are shown in 
Fig. 122, and chamfered and eccentric poles. Fig. 123. 





Fig. 123. 



122. Compensation for Armature Reaction. — From Fig. 120 
it is evident that the component OB is responsible for the dis- 
tortion of the magnetic field. This cross-magnetizing component 
of the armature magnetomotive force makes necessary the shift- 
ing of the brushes which introduces the demagnetizing component 
OC. It is very evident, then, that if the cross-magnetizing 
effect of the armature current can be surpressed or balanced by 
an equal and opposite magnetomotive force the demagnetizing 
component will not develop and the brushes can be permanently 
left in one position. The balancing of the cross-magnetizing 
effect of the armature current is known as a compensation of 
armature reaction. It was shown that if the current is assumed 
to change at a uniform rate during commutation, the electro- 

2L7 
motive force of self-induction is given by- — , where t is the dura- 

tion of the short-circuit of the armature coil by the brush. It 
is very evident that as the speed of rotation of the armature in- 
creases the time interval t decreases and hence at high speeds the 
electromotive force of self-induction is higher than at low speeds 
while the same current is being commutated. There are thus 
two elements in the problem of securing good commutation in 
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high-speed machines; one is the balaiiring of the cross-maguetJi' 
ing effect of the armature current, and the other is the generationj 
of an electromotive force in the coils which shall balance thel 
electromotive force of self-induction. This in practice is accom-J 
plished by two closely allied means — one the compensating wind- 
ing,' and the other the interpole or commutating pole. 



F 

1 

II 







123. The Compensating Winding.— The compensating winding 
consists of coils imbedded in the pole-faces and connected i 
series with the armature. These coils are arranged and coi 
nected so that the magnetomotive force is equal in value and 
opposite in direction at all points around the armature to that 
produced by the current in the armature conductors. A good 
example of this type of winding is that designed by Thompson A 
Ryan and used by the Ridgway Dynamo and Engine Co., as 
shown in Fig. 124. The magnetic field cores without the winding 
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are shown in Fig. 65. The pole pieces consist of two parts, one 
part forms the core for the field coils and the other, the pole-f ac9 
or pole shoe. The pole shoes are slotted and within these slots 
are wound the compensating coils. These coils he parallel to 
the armature bars, but they are so connected that the current in 
them flows in the opposite direction to that in the armature bars 
directly under them. The magnetic field set up by the current in 
the compensating winding neutralizes or balances the cross- 
magnetizing effect of the armature current. As the load increases 




Fid. 123. 

the neutraUzing effect of the compensating coils increases pro- 
portionately and the commutating plane remains stationary. 

124. The Interpole or Commutating Pole. — Commutating 
poles or iuterpoles in their usual form consist of a single piece of 
iron placed between the field poles, or in the plane of commuta- 
tion. Fig. 125. The air gap, the shape of the pole, the direction 
of winding, and the number of turns are matters which require 
careful consideration. The magnetomotive force produced by 
the current in the commutating pole winding must be sufficient 
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^ neutralize the armature magnetomotive force in the oommutat- 
'^% zone, and in addition it must develop sufficient commutating 
fl'ix to balance the electromotive force of self-induction in the 
^DQiuutatfid coil. 

The effect of the commutating poles on the distribution of the 
^''^gnetic lines under the poles and within the commutating zone is 
'''aclosed by Fig, 126. Curve A shows the flux distribution when 
10 current is Sowing in the armature. It is the field form pro- 
duced by the shunt winding alone. Curve B shows the flux dis- 
tribution with full load on the machine without the auxiliary 
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poles. This curve shows clearly the distorting effect of arma- 
tiiTe reaction. Curve C shows the flux distribution at full load 
*itt auxiliary poles excited. This shows very clearly that the 
crosB-magnetization of the armature is still effective in distorting 
the field, but that the effect of armature reaction at the brushes 
''a.s been completely neutralized. There is some compensation 
^'it; it is not effective over the whole armature surface. When 
■^■Xipensating coils are used as shown in Fig. 124 there is con- 
si'ierably less field distortion. This is shown in Fig. 127 which is 
^^e result obtained by combining both interpoles and a com- 
P^tisatii^ winding as is done on the machine shown in Fig. 124. 
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The commutating poles are in this case excited by the compensat- 
ing winding. 

Commutating poles are especially of great advantage od 
variable-speed motors and on motors whose direction of rotation 
must be reversed. As the speed of a motor increases the rate 
at which the current in the commutated coil must reverse is 
increased. This increases the difficulty of conunutation when no 
conunutating poles are used. When commutating poles are 
used, any increase in speed results in a proportional increase in 
the commutating electromotive force which counteracts the 
electromotive force of self-induction due to high speed. The 
speed of a motor with interpoles may be varied through a wide 
range without serious sparking at the brushes. 

Motors with commutating poles may be reversed with brushes . 
fixed in the neutral position, for when the current in the armature^ 
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Fig. 127. 

and interpole winding are reversed exactly similar operating con- 
ditions are obtained as in the forward direction. This action will 
be readily understood if the commutating pole be considered as 
the tip of the adjacent pole. In reversing the motor, since the 
current in the auxiliary winding is reversed, the interpole acts as 
the tip of the other adjacent pole. Exactly similar conditions, 
therefore, exist for either direction of rotation. Commutating 
poles are, therefore, of great advantage on railway motors. 

Many generators are also built with interpoles, in fact, com- 
mutating poles are indispensable on direct-current turbo-genera- 
tors. In most recent dynamos excessive distortion is prevented 
by some of the following methods: Proper proportioning of the 
field and armature ampere-turns, by designing for a strong field 
which is not readily distorted, by special forms of poles or pole 
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slioes. In this way the shifting of the field is kept within such 
narrow limits that the brushes are set permanently in the posi- 
tion of best commutation for all loads and the load can be varied 
from no load to 25 or 60 per cent, overload without serious 
sparking. 

126. Flashing at Commutators.' — Under certain conditions of 
operation a direct-current dynamo may arc from brush to brush, 
or from brush to some other part of the machine, or a flash may 
originate between two adjacent commutator bars and it may not 
ex-tend further or it may grow into a general flash-over. 

The flash itself is merely an arc carried from one part of the 
machine to another by vaporized conducting material. The 
causes may be inherent in the machine or accidental. In any 
case they are likely to be quite complex. The fundamental cause 
iii practically all cases is high voltage between commutator bars. 
Tlxe contributing or controlling causes are resistance of the arma- 
tiire winding, duration of commutation, current, character and 
condition of brushes. From many experiments Mr. Lamme con- 
cluded that the lower the resistance of the armature winding per 
bar, the lower would be the flashing voltage, and that 28 or 30 
volts was approximately the lower limit, the results varying 
somewhat with the speed and with the load on the machine. The 
limiting voltage between bars on a loaded machine was found to 
be somewhat higher than on an unloaded machine. 

Excessive overloads may cause flashing by giving high voltages 
^ armature coil undergoing commutation. The excessively 
large resulting short-circuit current develops conducting vapor 
which is immediately carried forward producing flashing. If the 
current rush is not too great, the flash will usually appear only as 
a momentary blaze in front of the brush. 

With respect to flashing, the machine with a compensating 
winding possesses some advantages over the straight commutat- 
ing pole type. This advantage is due to the fact that the com- 
pensating winding usually secures better neutralization of arma- 
ture magnetomotive force under extreme load conditions with 
resulting lower short-circuit currents in the brush contacts. 

Recapitulation 

1. By commtUation is meant the converting of the alternating armature 
current into direct current in the external circuit. 

* B. G. Lambie: Proceedings A. I. E. E., August, 1915. 
18 
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2. The primary factors aflfecting commutation are: the inductance and 
resistance of the coil undergoing commutation; armature reaction; resistance 
of brush and brush contact; width of brushes and air gap. 

3. By resistance commtUaiion is meant the proper adjustment between the 
resistance of the brushes, brush contacts, and inductance of armature coils 
so. that the armature current may die out and be reversed without sparking. 

4. By voltage commtUaiion is meant the development of an electromotive 
force in the coil undergoing commutation which will in a measure neutralize 
the electromotive force of self-inductance of the coil. This is secured by 
shifting the brushes and by the use of interpoles. 

6. Armuture rea^ion is the weakening and distorting effect produced by 
the armature current upon the magnetic flux produced by the exciting cur- 
rent in the field winding. 

6. When the brushes on a dynamo are shifted, the effect of the armature 
current may be considered as the resultant of two magnetomotive forces — 
the cross-magnetizing and demagnetizing magnetomotive forces. 

The cross-magnetizing ampere-turns develop a magnetic field at right angles 
to the main field. 

The demagnetMing ampere-turns develop a magnetic field opposing the 
main field. 

7. The effect of armaiure reaction is neutralized in several ways, the more 
common of which are: 

The use of compensating windings. 

The use of interpoles. 

The use of large air gap and a "stiff" magnetic field. 

Special design of pole faces and pole shoes. 

8. The fundamental cause of flashing of direct-current dynamos is high, 
voltage between commutator bars. The contributing or controlling causes 
are: resistance of the armature winding, duration of commutation, currents 
strength, character and condition of brushes. 
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CHAPTER XII 

OPERATING CHARACTERISTICS OF GENERATORS 

126. Characteristic Curves, Definition. — To be able to select 
the machine which best fulfills the different requirements of serv- 
ice described in the preceding chapter it is necessary to know the 
behavior of the usual types of dynamos under different conditions. 
This characteristic behavior is best studied by the aid of curves 
which show how the various physical quantities involved in the 
operation of any machine are related. These curves are obtained 
by maintaining all conditions constant except those whose effects 
it is desired to determine. Thus one factor affecting the 
electromotive force of a generator is its excitation. The rela- 
tion between exciting, js urre nt and electromotive force at con- 
stant speed is called the no-load charaderistid 

The terminal pressure does not depend only upon the speed and 
excitation, but also upon the amount and character of the load 
being supplied by the machine. Hence, another curve can be 
plotted between the terminal volts and the load current keeping 
speed and excitation current constants Such a curve is called 
the reg ulation oT external characteristic. 

In some cases it is desirable to know how the current output of 
a^ generator varies with the resistance of the external circuit. 
XJnder such circumstances a curve plotted between current out- 
put, as ordinates, and resistance of the external circuit, as abscis- 
sas, gives what is called ampere-ohm characteristic. 

When a dynamo is used as a motor the important quantities 
^hose relations it is desirable to know are torque, speed, and 
current intake under different conditions of load. These quan- 
tities vary in certain characteristic ways depending upon the 
type of motor, and hence a curve showing the relation between 
any two of these is called a characteristic curve of the motor. 
The behavior or efficient operation of a dynamo can to a great 
extent be predetermined from the characteristic curves of the 
machine. 

128. The No-load Characteristic of Separately Excited Gen- 
erator. — This curve, sometimes called magnetization or satura- 
19 165 
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tion curve, shows how the terminal voltage varies with a varia- 
tion in the field exciting current while the speed of the armature 
is maintained constant at no load. As the electromotive force 

is given hy E = ""^aa v lO^ ^^ ^® evident that so long as n is 

1 257NI 

maintaided constant E will vary with ^: but as ^ = — ft 

(R 

evidently depends upon the ampere-tums of the field winding. 
The no-load characteristic then also shows the relation between 
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Fig. 128. 



the magnetizing current and the resulting flux. It is, as above 
stated, sometimes called the magnetization curve. The curve 
is usually plotted with E as ordinates and I as abscissas, 
Fig. 128. The curve corresponds very well with the magnetiza- 
tion curve, Fig. 25, and shows that at constant speed and no 
load the terminal electromotive force increases rapidly at first 
and more slowly after a certain degree of field saturation has 
been reached. Owing to hysteresis, the magnetization curve 
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taken with decreasing field excitation will not coincide with the 
magnetization curve obtained with increasing field excitation 
hut will be higher. 
Direct-current shunt generators under normal operating condi- 
1 Uona are excited to a flux density corresponding to a point above 
I the bend of the magnetization curve, that is, to a point where the 
f terminal voltage increases at a slower rate than the exciting cur- 
' rent. This is necessary to secure stability or constancy in vol- 
tage. If the excitation were below the "knee" as the bend is 
called, a shght change in the exciting current would produce a 
great change in the terminal voltage. A generator which has 
beBa previously in operation will always retain a little magnetism 
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Constant Excifation 

Fio. 129. 

. "^ich will produce some electromotive force when the armature 
^ *i»iveD at full speed. The magnetization curve for such a ma- 

**iiie will not pass exactly through the origin but it will cross the 
electromotive force axis slightly above the origin. 

The relation between the speed and voltage at constant excita- 

^^U will give a straight line, as is evident from the fundamental 

*Octromotive force equationj namely, 

g X 60 X 10* 

^** long as * is constant, E will vary directly as n. Such a char- 
■ ^^^teristic is shown in Fig. 129. 

l27. Experimental Detenninatioa of No-load Characteristics. 
"T^The diagram of connections for this test is shown in Fig. 130. 
*Qe magnetic-field circuit is connected through a variable re- 
sistance rheostat to a source of direct current such as a storage 
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battery or other direct-current generator* An ammeter is con- 
nected in the field circuit and a voltmeter of suitable range is 
connected across the armature terminals. The armature must 
be driven at a constant speed. The procedure consists in vary- 
ing the current through the field circuit by varying the resistance 
of the rheostat by suitable steps, and for every value of the field 
current the voltmeter reading is taken. 

To get the curve of Fig. 129 the field exciting current is kept 
constant while the speed is varied. For driving the generator for 
this test a variable speed motor is the most convenient. The 
fundamental equation shows that the electromotive force and 
speed curve should be a straight line, and unless the armature is 
driven at too high a speed the resulting experimental curve wiU 
be practically a straight line. At high speeds the short-circuited 
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Fig. 130. 

armature currents may be strong enough to react appreciably 
upon the flux and thus reduce the generated electromotive force. 
This effect may also be present when the magnetization curve is 
being determined. The disturbing influence of the armature 
short-circuited currents can be reduced to a Tninimn n^ by reduc- 
ing the speed. It is preferable, therefore, to determine the mag- 
netization curve at a speed below the operating speed of the 
luaohine, and then correct the values of the electromotive force 
by multiplying the observed values by the ratio of the operating 
speed to the si)eed when under test. If n is the normal speed, 
n' the speed under test, and E' the electromotive force correspond- * 

ing to n', then E eorrespouding \.on\&E =7 J?'. 

n 

129. Magnetization of a Shunt Generator. — The magnetiza- 
tion curve of a shunt generator is very similar to the magnetiza- 
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tion curve obtained by separate excitation. If a sbunt generator 
is connected as shown in Fig. 131 and the field resistance varied 
atep by step, a magnetization curve may also be obtained. This 
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curve will not begin at the origin as already pointed out, nor will 
it rise to the same value for the same exciting current. 
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The generator whose magnetization curve is shown in Fig. 128 
when shuntrexcited gave the curve of Fig. 132. The two curves 
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are almost identical. A slight drop in voltage which is not sho "^m 
is due to armature resistance. If the field current is // and R .^sm is 
the armature resistance, the armature voltage drop will be If^JEim- 
In this particular instance // = 10 amperes and if « = O.OCI^U 
ohm; the armature drop at 120 volts would be only O.QM vc:z»lt, 
which is entirely too small to show in the curve. 

130. Building up ci the Voltage of a Shunt Generator. ^A 

machine whose magnetic field has been previously excited v^ill 
almost always retain a sufficient amount of magnetism to ca^Jse 
an electromotive force to be induced in the armature when r«-an- 
ning at full speed. This pressure will cause a current to flo^«^ i^ 
the field winding increasing the field flux which in turn will ea^^Jse 
an increase in the electromotive force. The voltage and "the 
exciting current will not, however, continue to build up indefi- 
nitely, for the magnetic flux does not increase uniformly with ^the 
exciting current, but at higher values of exciting current "the 
magnetic circuit becomes more nearly saturated and the volt^^g^ 
increases at a decreasing rate. 

The value to which the pressure will increase, when the an-^tna- 
ture is running at normal speed, is determined by the resista*^^^ 
of the shunt circuit. If from the origin we draw a line such ^ 

OR, Fig. 132. which makes an angle with the horizontal, s«^ ^ 

nd 



a- 



h 



that tan = Rr, the resistance of the magnetic-field winding a 
rheostat, the ordinate of the point at which it cuts the magnetir^ 
tion curve represents the value of the electromotive force to whic^^^^ . 
it will build up for this particular adjustment of the fid 
resistance. 

If the resistance is increased by cutting in more of the controV^'^^ 
ling resistance the angle d will be increased, the fidd-jesistanc^ 
li!io will cut the magnetization curve at a lower point , and the 
final pressure to which the machine will come will be less than in 
the first case. This condition is shown by the line ORf in Fig. 
KVi. If the field rheostat has resistance sufficient to change the 
liold-n^sist5Uu*e lino from OR' to OR" the pressure can be varied 
fn>u\ \^a) to ^u*V At yR"^ the magnetization curve has become 
{Unu^t horizo!ital and an added field current has a very small 
otToot in producing additional flux in the circuit. 

The no-load charaotoristio can be determined experimentally 
l\v iiuroduoittt:: sutlioiont i\\sistanoe in the field circuit to vary the 
prossuio ovor iho total nuiiio from the value of pressure due to 
i'o:jidual nui^iu'tisiu to the full value of pressure when the rheo- 
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Stat is entirely cut out. A study of this curve shows that from 
the lowest pressure to that corresponding to (a') a large increase 
of flux is produced for a given increase in field current. From 
(a) to (a') the rate of increase is much less, and beyond (a') the 
rate of increase is almost negligible compared with the lower part 
of the curve. 

131. Pressure Drop in Shunt Generators. — The preceding dis- 
cussion considers the generator when no current is being sup- 
plied to an external circuit. Under these conditions the terminal 
pressure is practically equal to that generated in the armatiu'e. 
When a load is being supplied by the armature there is a drop in 
pressure. This drop is due mainly to two causes, the armature 
resistance and armature reactions. The drop due to the resist- 
ance of the armature is equal to I aR a, where /« is armature cur- 
rent and Ra the armature resistaiiceT The drop due to armature 
reactions has already been explained under commutation. These 
two causes make the terminal voltage at full load generally less 
than that at no load* 

132. Voltage Regulation. — In order that lamps, motors, and 
other electrical apparatus may operate satisfactorily, in most 
instances constant voltage is necessary. The permissible varia- 
tion in voltage from no load to full load of a generator must be 
small. The difference between the two values is an indication of 
the closeness with which the generator will maintain constant 
voltage. Voltage regulation is the name given to the variation 
of voltage with load. In order that generators of different sizes 
and makes may be compared with respect to this property, 
voltage regulation is defined as follows: The voltage regulation is 
the difference between the no-load and full-load voltages expressed 
as a per cent, of the full-load voltage. 

Example 

The no-load voltage of a generator is 135 volts. Its full-load voltage with 
the same adjustment of field resistance is 125 volts. What is its voltage 
regulation? 

SoltUian, — 

^ , ^. Eo — El /no-load voltage — full-load voltageX ^^^ 

Regulation = — „ = ( - - - ) 100 

El \ full- load voltage / 

125 
• 8 per cent. 
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This means that the change in voltage from no load to full load is 8 per cent, 
of the full-load voltage. 

133. Regulation Characteristic of Separately Excited Genera- 
tor. — When the voltage of a separately excited generator is 
adjusted to a given value at no load, and the generator is loaded 
while the field curren t is maintained constant, the pressure will 
fall with increase in load. If a curve is plotted with the load 
current as abscissas and terminal voltage as ordinates, a curve 
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Fig. 133. 

such as is shown in Fig. 133 will result. It is observed that as the 
armature current increases from to 900 amperes the terminal 
voltage drops from 120 volts to 106.5 volts. This drop in voltage 
is due to two causes, one the resistance of the armature which in 
this particular generator was 0.0044 ohm, and the other the 
armature reaction. The part of the total drop due to each cause 
separately is also indicated in the diagram. It is very evident 
that a high armature resistance will cause poor regulation. 
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To obtain the regulation characteristic experimentally the 

generator is connected to a load which can be readily changed, 

and maintained constant at any desired value. A lamp bank 

as shown in Fig. 134 is well suited for this purpose. A voltmeter 

is connected across the armature terminals, and one ammeter 

is connected in the load circuit and one in the field circuit. The 

speed and exciting current are adjusted to the desired values and 

maintained constant while the load is increased by suitable steps. 

Both the armature current and the voltage are read for every 

change in load. The corresponding load current and terminal 

voltage are then plotted as shown in Fig. 133. This figure shows 

two regulation characteristics, one for a no-load voltage of 120 

volts and the other for a no-load voltage of 100 volts at the same 

speed. It will be observed that the drop in voltage for the same 




Fig. 134. 

^^^^i^ature current is greater in the second instance. This increase 

^ "voltage drop is primarily due to the effect of armature reac- 

^^^^:«i. The increased influence of armature reaction is accounted 

^^^■^ by the fact that for a voltage of 100 volts the field excitation is 

"^low the bend of the magnetization curve and an equal change in 

^'^^ magnetomotive force results in a greater change of flux. 

^li"tis a change in magnetomotive force corresponding to. a 

^J^ange in the exciting current from a to 6 produces a change 

^^ 20 volts, while a like change from c to d produces a change 

^^ only 10 volts. 

1 2Q 1 Q7 

The regulation at 120 volts no load is z^f^ — = 12.1 + 



107 



P^r cent, and at 100 volts no load is 



100 - 76 
76 



= 31.6 per cent. 



134. Regulation Characteristic of a Shunt Generator. — The 
drop in voltage of a generator from no load to full load when 
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operated as a shunt machine will be greater than when the same 
machine is separately excited. The two causes of voltage drop 
already mentioned will be present in the one case as in the other, 
but when the machine is operated as a shunt generator, the ex-' 
citing current with a fixed adjustment of the field rheostat de- 
creases as the terminal voltage decreases. This additional fac- 
tor becomes very prominent with increasing load as is evident 
from Fig. 136. The drop in terminal voltage is thus due to 
three causes: ^ 

(a) Armature resistance* 

(6) Armature reaction. 

(c) Decrease of the exciting current. • 




Fig. 135. 

The experimental procedure to obtain the regulation character- 
istic is almost identical with that for the separately excited ma- 
chine. The only difference is found in the connection of the field 
circuit which is connected in shunt with the armature. Fig. 136. 
The field rheostat is adjusted for normal voltage at normal speed 
and simultaneous readings are taken of the voltage, the load cur- 
rent, and of the field current. The curve is then plotted as in 
Fig. 136. 

The explanation for the drooping of the characteristic is quite 
evident. As the resistance of the load circuit is decreased, the., 
current supplied increases. The increase in current causes an 
laRa drop and armature reaction both of which cause a decrease 
in the terminal voltage^ With a fixed field resistance a decrease 
in terminal pressure is followed by a diminution in the field ex- 
citing current, which is followed by a further decrease in terminal 
pressure. \ ' ~ — "^ 

When the load resistance has been reduced to a value which 
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gives a current in this particular instance of 1000 amperes, 
Kg. 136, a further decrease of the load resistance is followed 
by a momentary increase in current, |i)ut the increased current, 
diminishes ^-he field flux by armature reaction causing such a, 
drop in terminal voltage and exciting current that the load cur- 
rent can not be maintained. Continued decreases in load re- 
sistance will be followed by a continual drop in voltage and the 
load current will finally reduce to a very small value. It must 
not be inferred that any shimt generator may with safety be short- 
circuited under full voltage. In all except the smaller machines 
the point on the characteristic, beyond which the current does 




^rmafure //? Orop 



Fig. 136. 



^ot [increase, may be far beyond the current carrying capacity 
^f the armature, and in case of a short-circuit the armature 
^ould burn out before the current decreased to a safe value. 

The] exact form of the regulation characteristic and the 
per cent, of overload current at which the critical point occurs 
depends on the design of the particular machine under 
consideration. 

136. Effect of Speed upon Regulation Characteristic. — If the 
shunt generator be^operated at a different speed, with the same 
adjustment of the field resistance, the regulation characteristic 
will be changed. If the speed is reduced, the no-load voltage 
will be less and as a result the exciting current will be smaller. 
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This will be the equivalent of operating the generator at a lower 
point on the magnetization curve, and a more rapid drop in ter- 
minal pressure will result. If the speed is higher, the efifeet will 
be opposite. 

136. Effect of Shunt Resistance upon Regulation Character- 
istic. — The effect of a change in the resistance of the field circuit 
upon the regulation characteristic is analogous to the effect of a 
change in the speed, but opposite. Thus if the speed is main- 
tained constant, and the field resistance is reduced, a larger field 
current will flow; this will increase the field strength and raise 
the voltage. The final effect will b.e the same as when the speed 
is raised. The voltages of a generator may be raised in three 
ways, either increase the speed, or decrease the resistance in the 
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Armature 
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field circuit, or a combination of the two. An increase in the field 
resistance will have the same effect as a reduction in the speed. 
137. Regulation Characteristic of Series Generator. — The 
connections for determining the regulation characteristic are 
shown in Fig. 137. When the load circuit is opened, the electro- 
motive force induced at full speed is due to residual magnetism^ 
only. As a consequence the induced electromotive force is 
small. As soon as the load circuit is closed through a resistance 
some current will flow through the field coils exciting the field 
which in turn results in a higher electromotive force. A further 
decrease in the load resistance will be followed by a larger cur- 
rent and the pressure will again be increased. The relation be- 
tween the load current and terminal pressure for a small series 
generator is shown in Fig. 138. The influence of armature 
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reactions and resistance becomes more pronounced as the load 
current increases. 

Since the current usually first passes through the field circuit 
before it is delivered to the external circuit, the voltage indicated 
by the voltmeter is not exactly equal to that induced in the arma- 
ture conductors. The voltage drop in armature conductors and 
field circuit is practically proportional to the current output. 
This is shown by the / {Ra + R/) line. This relation is not exact 
as the conductors and field coils increase in resistance with 
increase in load. The increase in resistance is not very great 
although in some cases it is appreciable. 
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The curve e shows the relation between the external pressure 
and current. The distance from any point on the line / (Ba + 
'R/} to the base line shows the drop in field and armature at that 
per cent, of the load. This distance between / {R^ + R}) and 
base line added to the ordinate of e at that per cent, of load, 
gives the curve E which is called the total characteristic. 

It will be noticed that for a certain portion of the curve the 
increase in voltage or pressure is approximately proportional to 
the external or load current. Beyond 80 volts this proportion- 
aiity no longer holds and the pressure drops when the current has 
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reached full load. Armature reactions are responsible for this 
deviation from the straight line. For a portion of the curve the 
magnetic field increases in proportion to the load ciurent. 
When saturation of the field core has been reached, any increase 
in current does not produce a proportionate increase in the 
magnetic field. On the other hand, any increase in ciurent will 
have a tendency to demagnetize the field, thus distorting it and 
causing the terminal voltage to decrease. This distortion of the 
magnetic field by armature current has been explained in 
connection with the shunt machine characteristic. 

138. Effect of Armature and Field Resistance. — ^The armature 
and field resistance of a series machine should be as small as 
possible in order to reduce to a minimum the losses within the 
machine. It has been shown that the heat loss due to resistance 
within any circuit is proportional to DR. It is evident, then, 
that a large value of R will cause a large part of the energy of the 
current to be lost as heat. This will have two harmful effects: 
First, the energy loss will decrease the eflSciency of the machine; 
and second, the large amount of heat will cause an excessive rise 
in temperature of the windings. 

The series generator is slowly being displaced by other types. 
So long as electric Ughting was performed by direct currents, the 
series generator was the chief, if not only, soiurce of ciurent for 
arc hghting. This was due to the fact that it was more econom- 
ical to connect the arc lamps in series than in parallel. The 
current through one arc lamp was then the same as the current in 
any other lamp, or was constant. The pressure at the generator 
had to be great enough to force the current through the lamps and 
connecting wires and had to vary with the number of lamps in 
the circuit. Thus to supply 10 arc lamps with a current of 7 
amperes requires approximately 450 volts, or 45 volts per lamp; 
if only 9 lamps are in the circuit 405 volts is sufficient. Hence, 
generators used to supply current for arc lamps are known as 
constant-current generators. 

The characteristics of the series generator made it best suited 
for arc-Ughting purposes. As is evident from Fig. 139, the char- 
acteristic of the series generator drops beyond 100 per cent. load. 
For series arc lighting the drooping external characteristic is a 
distinct advantage, and on this account the series-wound ma- 
chine is then worked on the descending portion of the curve. 
For instance, suppose the generator is operating at full-load 
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current, 100 per cent., at a total pressure of 3000 volts; if one 
lamp is cut out the total resistance in the circuit is decreased and 
a larger current would initially result. An examination of the 
curve shows that an increase in the load current decreases the 
voltage. Although this decrease in voltage may not in itself be 
sufficient to bring the current back to its proper value, its effect 
is in the right direction. To secure the drooping characteristic 
the field must be highly magnetized and the armature reactions 
must be very prominent. 

139. Regulation of a Series Generator. — As pointed out above, 
the regulation of a series generator is to a great extent automatic 
and is due to armature reactions. While the armature reactions 
with fixed brushes are not suflScient for eflScient regulation, this 
system of voltage control can be made eflScient by changing the 
position of the brushes with changes in the 'load. Shifting the 
brushes on a closed-coil armature causes an increased counter- 
pressure to be developed in those conductors lying between neu- 
tral and commutating planes. This reduces the pressure at 
the brushes the proper amoimt. The shifting of the brushes is 
accomplished by automatic electromagnetic devices. 

Another method of supplementing the effect of armature 
reactions consists in varying the field excitation. This may be 
accomplished in two ways, either by varying the number of turns on 
the field or by connecting in parallel with the field circuit another 
circuit of variable resistance. The first method is not used to any 
extent on account of the fact that cutting in or out field turns 
^necessarily breaks the circuit between adjacent turns and harm- 
f^ sparking results. In the second method a variable rheostat 
18 connected in parallel with the series field and the current in 
the field is controlled by an automatic device which operates the 
rheostat. 

140. Effect of Speed on Regulation Characteristic of Series 
wnerator. — For any given load current the field flux is constant 
^•Qd definite. Hence for a given load current the induced electro- 
motive force is directly proportional to the speed, for electro- 

motive force = — ,, ^^ ,, ^ ' If the characteristic for any 

g X 60 X 10^ 

speed rii is plotted, the characteristic for any other speed may 
readily be obtained. To do this first plot the total character- 
ise, corresponding to curve E, Fig. 138, then multiply the ordi- 
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nates of this curve by the ratio— ^ where n^ is the new speed anc^ 

Hi 

from these products subtract /(Bo + R/)- A curve drawn 
through the extremities of the ordinates will be the regulation 
characteristic at the new speed. Fig, 139 shows two character- 
istics plotted in this manner. Curves I are for a speed of 1,100 
r.p.ip. and curves II are for a speed of 1 ,300 r.p.m. 

141. Effect of Shifting Bruges on Characteristic of Series 
Generator. — Fig. 117 shows that when the brushes of a direct- 
current generator are shifted the influence of the demagnetizing 
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turns of the armature winding is increased. If the brushes of a 
series generator are shifted, the armature reactions become more 
influential, and cause the characteristic to droop more rapidly. 
If the brushes are shifted too far forward, the influence of the 
armature current at high loads, completely overcomes the effect 
of the main field and the voltage drops to zero in much the same 
manner as in the shunt machine. 

142. Regulation Characteristic of Compound Generator. — It 
was pointed out that the normal shunt excitation of a shunt 
generator is to a point well above the bend or knee of the magneti- 
zation curve. This was also found to be true for the series gen- 
erator. The point on the magnetization curve at which the 
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Compound generator is excited will depend upon the character 
of the desired characteristic. The service requirements may 
be such that a flat or rising characteristic is desired. If the 
flat characteristic is desired, the effect of the compound winding 
must merely compensate for the voltage drop due to armature re- 
sistance and reactions. If the characteristic is to be a rising 
one, that is, if the terminal voltage is to increase with increase in 
load, the compound winding must not only compensate for the 
resistance and reaction drops but must provide an additional 
magnetomotive force. For these reasons the normal point of 
shunt excitation of a compound generator is somewhat below 
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the bend of the magnetization curve. The characteristic has, 
then, in a measure the properties of the rising characteristic of 
the series generator and the drooping characteristic of the shunt 
generator. 

143. Flat Compounding. — When it is desirable to maintain the 
terminal voltage at a constant value, the ampere-turns of the 
series field winding are adjusted so that the electromotive force 
is the same at full load as at no load. This is called ^^ compound- 
ing. In flat compounding the magnetomotive force of the series 
winding compensates for the armature reaction, and adds an 
additional flux the cutting of which by the armature con- 
ductors compensates for the drop due to armature resistance. 
20 
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Although the compounding may be adjusted so that the termi- 
nal pressure will be the same at full load as at no load, it will 
not compensate exactly at intermediate loads, or at overloads. 
This is shown in Fig. 140. The pressures due to the series and 
shunt windings are shown by the lower solid lines. The com- 
bination of these produces the upper "dash" curve which is the 
regulation characteristic for flat compounding. 

144. Overcompounding. — Where it is desirable to maintain 
constant or nearly constant voltage at some distance from the 
generator, provision must be made to compensate for voltage 
drop in the feeders or line. This is accomplished by adjusting 
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the series winding in such a manner that the regulation charac- 
teristic rises with increase in load. When such a characteristic 
is obtained the generator is said to be overcompounded. The 
characteristic of an overcompounded generator is shown in Fig. 
141. 

Generators used for supplying current to railway motors are 
very frequently overcompounded, so as to compensate for the loss 
of pressure in the feeder-circuits. Compound-wound genera- 
tors are also largely used in lighting and power service, in order 
to maintain constant voltage at the motors or lamps under all 
conditions of load. 

If the excitation of a compound generator at no load is. £ar 
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above the bend of the magnetization curve, the increase in field 
^mpere-tui'ns with load due to the series winding can not cause 
^ Corresponding percentage increase in the magnetic flux and 
taere will be a considerable deviation from the .ideal straight-line 
''"^aract eristic. The regulation of a compound generator is better 
^lien the normal shunt excitation is below saturation. For flat 
^^itnpoimding the normal shunt excitation should be higher than 
*^** overcompounding. The regulation in any case is the maxi- 
'^^Um deviation of the pressure curve from the ideal straight-line 
*^tlaractei'istic. 

145, Shunt for Adjusting Compotinding. — The series winding 
^f a compound generator usually contains more turns than would 
•^c necessary if the total load current flowed through it. The 
F>roper number of series ampere-turns is then obtained by con- 
electing a German silver shunt in parallel with the series winding. 
"Xhe current through the compound winding is then determined 
ty the relative resistance of the shimt and the series winding. 
It is easier to secure a proper degree of compounding by an ad- 
justment of the shunt than by changing the number of turns on 
"the series coils. 

146. Effect of Temperature upon Regulation of Compound 
Generator.— If the no-load ahunt excitation of a compound gen- 
erator is to the knee of the magnetization curve, a machine de- 
signed to give correct compounding when hot wiU give too high 
a voltage at no load. In general, as the temperature of the 
machine changes the relative resistance of the shunt and aeries 

» windings changes. The effect of temperature upon the com- 
pounding can be corrected by inserting a variable resistance into 
the shunt circuit and adjusting this as the machine warms up. 
147. EflSciency and Losses.' — Any machine is merely an in- 
strument for the conversion and more simple appUcatiou of 
*3nergy, and as every such conversion necessarily wastes or dissi- 
tiates some energy into unavailable or unusable forma, it follows 
"tliat no machine will give out or apply to useful work as much 
Energy as is applied to the machine. In engineering, by effi- 
ciency of a machine, is meant the energy converted and usefully 
^applied by the machine expressed as a per cent, of the energy 
^ipplied to the machine. In short, the efRciency of an electrical 
P »nachine or apparatus is the ratio of its useful energy output to 
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ite total energy input. Algebraically, the efficiency of a gen- 
erator \» usually expressed as follows: 

„^ . _ output output 

^ ~ input " output 4- losses 
For a motor, the efficiency may be calculated by 

T,^ . output input — losses 

Efficiency = 7- = 7 

•^ input input 

The problem in design is to reduce the losses to a minimum, 
but as these can not be entirely eliminated no machine can have 
an efficiency of 100 per cent. 

The losses in direct-current dynamos are due to the following 
causes: 

(a) Electrical resistances of armature, brushes, brush contacts, 
field windings, and field rheostat. 

(6) Hysteresis and eddy currents in the armature core and 
field cores. 

(c) Mechanical friction of bearings, brushes, and air. The 
last is commonly called windage. 

These are sometimes called copper or PR losses, core losses, 
and friction losses. 

Some of the losses are approximately constant while the others 
vary with the load. The constant losses at constant speed are: 
shunt-field winding losses, hysteresis and eddy-ciurent losses, 
friction of the bearings, brushes, and windage. The losses in the 
series field, brush contacts, and armature winding all vary with 
the load current. 

For convemence in measurement, the total losses are sometimes 
ela:5:!dfieil as copper losses and stray power losses. The former 
class includes those that are due to current flowing through the 
wiuiiings of the machine. These can be obtained by measuring 
the retsistance of the winding and the current flowing and then 
calculating the loss by Joule*s law. The stray power losses in- 
clude all the remaining losses. According to this dassification 
the efficiency may be expressed by 

^.^ . output 

rJchciencv » ; ; ^-- ^ 

output + copper lo«?ses + strav power losses 



A c^r^&itt llO-'Yoh $huut g^oierator has an armature and bra^ 
v^f 0.0i> oiuu at tuU lv>ad o£ So amperet$. Tlie i«$istaace of tibe slmBt fidd is 
-i^ ohm^ a£ui tbi<f :$4ra>' power Ios$se$ are fouiui to be S87 wstt& Cabnilate 
the f uI14^.»ad etlicietteY o* the generator. 



OF'MRATING CHARACTERISTICS OF GENERATORS 185 



Sotvtum. — The total armature current is the ai 
the field current. 

110 



n of the load current plua 



The field current is -jr = 2.44 amperes 

/. = 85 + 2.44 - 87.44 amperes 
/.*fia - 87.44' X 0.06 - 449 watta 
I/'R, = 2.44' X 45 = 268 watts 

Total copper loss — 717 watts 
Stray power loss = 897 watts 

Total loss =■ 1,614 watts 

Total output = 85 X 110 = 9,350 watta 

Total output + losaea = 9,350 + 1,614 = 10,964 watts 

_,_ . output 9,350 „.. 

Efficiency => — i — r~\~i ~ ."n n"i,« " 85.2 per cent. 

■' output + loaaea 10,964 '^ 

148. Variations of Efficiency with Load. — In the case of con- 
stant-speed and constant-flux machines the stray power losses 
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l®llain practically constant at all loads within the working range 

o> the machine. In variable-speed and variable-excitation 

D^achines, as in interpole and series dynamos, the stray power 

VOSa is also variable. It is evident that the losses will be a greater 

V^r cent, of the output at partial loads than at full loads, and 

tWCordingly the efficiency of a dynamo falls off rapidly with the 

load. A curve showing the relation of efficiency to load of a 

\ sliluit generator is shown in Fig. 142. 
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Recapitulation 

1. The characteristic of a generator is a curve which shows how the phys- 
ical quantities involved in its operation are related, or how when one is varied, 
the others vary. The three most important characteristics of generators 
are the magnetization curve, regulation curve, and efficiency curve, 

2. The magnetizalion curve or characteristic shows how the terminal, or 
induced voltage, varies with the excitation at constant speed. It also shows 
the increase in the field flux with increase in excitation. 

3. The regulation characteristic is a curve which shows the deviation of the 
voltage from a straight line with changes in load current. 

4. By efficiency of a dynamo is meant the ratio of the usefid energy output 
to the total energy input expressed in per cent. 

The efficiencies of dynamos may be calculated by the following formulas: 

output 



Efficiency of generator = 



input 

output 



Efficiency of a motor 



output + losses 
input — losses 
input 

6. Energy losses in dynamos are due to the following causes: 
(a) Electrical resistance of armature, brushes, brush contacts, field wind- 
ings, and field rheostat. 

(6) Hysteresis and eddy currents in the armature core and field core. 
(c) Mechanical friction of bearings, brushes, and air. 

6. The voltage regulaiion of a generator is defined as the difference between 
the no-load and full-load voltages expressed as a per cent, of the full-load 
voltage. 

7. The drop in terminal voltage with increase in load is due to three causes: 
(a) Armature resistance. 

(6) Armature reactions. 

(c) Decrease in shunt field current due to decrease in terminal voltage. 
The first two factors are present in all generators, and the last is found in 
all using shunt excitation. 

8. The shape of the regulating characteristic is modified by changes in 
speed and excitation. 

9. The regulation of a generator using shunt excitation is also affected by 
variations in temperature. 

10. The normal excitation for shunt and series generators is at a point above 
the bend of the magnetization curve. For compound generators the normal 
no-load shunt excitation is at a point below the bend or knee of the magneti- 
zation curve. 

11. A flat-compounded generator is one whose regulation characteristic is 
nearly parallel to the current axis. The voltage of such a generator is 
usually the same at no load and full load. Above full load the voltage is 
less and between no load and full load it is somewhat higher than at full load. 

12. An overcompounded generator is one whose regulation characteristic 
rises with increase in load current. The voltage of such a generator is 
higher at full load than at no load. 



CHAPTER XIII 



OPERATION AND CARE OF GENERATORS 

149. Regulating Devices. — In order that the voltage of the , 
shunt or compound generator may be adjusted and niaintaiued 
at a proper value, regulating devices are employed. For the 
more common uses of generators the regulating devices are of two 
kinds, the rheostat or variable resistance, and the Tirrill auto- 
matic regulator. 

160. Field Rheostats. — Resistances for the control of the i 
shunt exciting current, commonly called field rheostats, are made ' 




in many forme but the general principle of operation is the same 
in all. The rheostat consists of some relatively high-resistance 
wire or ribbon of heat-resisting material and of low temperature 
coefficient of resistance. The rheostat is inserted in series with 
the shunt-field winding and is so designed that the amount of 
resistance in the circuit can he varied over a wide range. One 
form of field resistance is shown in Fig. 143. The diagram of coni 
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nections is shown in Fig. 144. The current from the armature 
enters at a and after passing through the resistance coils it enters 
the movable contact arm at b along which it passes to e, and 
finally by way of the connection ed to the shunt winding. Turn- 
ing the movable arm clockwise increases or "cuts in" the resist- 
ance in circuit and thus decreases the field excitation. Turning 
it to the left, or counter-clockwise, decreases, or "cuts out" the 
resistance with a consequent increase in field excitation. 

161. Automatic Regulator. — The control exercised by the field 
rheostat is by means of an increase or decrease in the resistance 
of the field circuit. This variation in the resistance may be by 
manual or automatic operation, usually the former. When the 




^■Resistance 
wire 



To armafure i \7b shanf w/ncf/ng 

Fig. 144. 

rheostat is adjusted, the resulting current is determined by 
Ohm's law. An automatic regulator, known as the TirriU regu- 
lator, also changes the amount of the resistance in the field cir- 
cuit, but in an entirely diBFerent manner. The resistance is not 
varied step by step, or uniformly, but the field rheostat is short- 
circuited momentarily, the duration of the short-circuit being 
determined by the fluctuating voltage. 

When the TirriU regulator is used, the field rheostat is adjusted 
so that the generator voltage is about 35 per cent, below normal 
with the regulator inoperative. The operation of the regulator 
increases the excitation to normal, where it is maintained. 

The field circuit of a generator is highly inductive, and hence 
when the regulator operates, the exciting current does not im- 
mediately rise to a maximum value the moment the field rheo- 
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stat is short-circuited, nor does it immediately drop to a minimum 

value the moment the short-circuit for the rheostat is opened. 

The inductance of the field thus plays an important part in the 

efficient operation of the Tirrill regulator. The effect of the 

inductance in maintaining constant excitation is analogous to the 

effect of the inertia of an engine flywheel in maintaining constant 

speed. The Tirrill regulators are made in several different forms 

wiiieh are determined by the type and size of generator whose 

voltage the regulator is to control. The principle of operation of 

all forms is essentially the same. 
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L^ actual operation of the regulator for direct-current gen- 

erat-oj^g ^iii j3g readily understood from Fig. 145 which shows the 

sctx^Xicie of connections. As the diagram shows, the regulator 

^^^^^ins two differentially wound electromagnets. One winding 

01 tilx^ magnet M is connected across the generator terminals, and 

a-ccordingly the effect of this winding is determined by the gen- 

cr^t-or voltage. The other winding of this magnet is connected 

^^^Oss the terminals of an adjustable low resistance in series 

^^*^ the line. This resistance is called ''compensating resistance 

^^t." The current through the compensating winding is 

^^"termined by the voltage drop across the compensating resist- 

aace. This increases and decreases with the load current. 

The electro-magnet N is also differentially wound. The upper 
^'^ding is connected directly across the Une and the current 
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through it is also proportional to the voltage at the generator 
terminala. The magnetic effect of this winding is to open the re- 
lay contacts whose closing short-circuits the field rheostat. The 
lower winding is connected to the line through the contacts which 
are operated by the magnet M. The magnetic effect of this lower 
winding opposes the action of the upper winding. If the voltage 
is too low, the contacts of the magnet M are closed, the pull of 
the spring and the opposing action of the compensating winding 
being stronger than the pull of the main winding. The closing 




of the main contacts permits a current to flow through the lower 
winding of the relay magnet. The magnetic effect of this coun- 
teracts the effect of the upper winding, and the spring closes the 
relay magnet contacts, thus short-circuiting the field rheostat. 
This short-circuit is of momentary duration, for when the rheo- 
stat is short-circuited, an increased current flows through the 
shunts-field windings raising the voltage of the generator and caus- 
ing a larger current to actuate the potential winding of magnet M. 
Tills larger current opens the main contacts, which c 
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quickly followed by a separation of the contacts of magnet N. 
The contacts thus constantly vibrate, and the excitation is main- 
tained at the proper value. To protect the relay contact points 
from destruction by sparking, a condenser is connected in shunt 
with them. 

The function of the compensating shunt is to provide a voltage 
drop which shall fluctuate with the load. This voltage drop sends 
a current throi^h the compensating winding whose magnetic 
effect opposes the magnetic effect of the potential winding. As 
the load current increases, the neutrahzing effect of the winding 
increases permitting the main contacts to remain closed for 
longer intervals, thus raising the generator voltage as the load 
current increases. The complete instrument designed for switch- 
board mounting is shown in Fig. 146. The compensating shunt 




is shown in Fig. 147. The degree of compounding can be varied 
by sliding the movable contacts at the center of the shunt. 

152. Geoeral Directions for Starting.— In handling and operat- 
ing electrical machinery one principle should be followed and that 
is; "Be sure you are right, and then go ahead." This is a motto 
that should be placed in every station, and its observance would 
avoid many accidents. It is a good plan to do the thinking in 
advance and not after something has gone wrong. 

Before starting any electrical machine see that the commutator 
and brushes are clean and the bearings oiled. The metallic dust 
from the commutator and brushes may cause short-circuits and 
should be removed with care. All switches and fuses should be 
in their proper places, and either opened or closed as the case 
may demand. If the machine is to be started for the first time, 
it may well be revolved a few times by hand or very slowly by 
power to see that it rotates freely, that the belt has the proper 
tension, and that it runs in the center of the pulleys. Examine 
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the brushes to see that the springs have the proper tension and the 
brushes make good contact; adjust them to the proper position 
by moving the rocker arm as indicated by a mark on the frame 
of the machine. If no mark indicates the proper position, the 
brushes will have to be adjusted after the machine is running and 
the field excited. This position of the brushes is indicated by 
minimum sparking, and by maximum voltage in the case of a 
generator, or minimum speed in the case of a motor. 

The machine should be started and brought up to full speed 
gradually, all the switches in the case of a generator being left 
open. The attendant should be on the alert for trouble and in 
case anything goes wrong he should stop the machine instantly. 

163. Directions for Starting and Stopping a Shunt or Compound 
Generator. — The diagrams of connections of shimt and compoimd 
generators have been shown in previous chapters. To start a 
generator of this type, open the main switch — ^if not already 
open — turn the hand wheel of the field rheostat so as to include 
all the resistance in the field circuit; start the prime mover and 
bring up to speed slowly, being constantly on the lookout for 
trouble. When the machine has reached full speed and every- 
thing is running smoothly, turn the field rheostat until the gen- 
erator builds up to nearly full voltage; finally, close the main 
switch and adjust the voltage to the desired value. When the 
load consists of incandescent lamps, care must be exercised so as 
to prevent the voltage from becoming excessive and damaging 
the lamps. 

To stop the generator proceed in the reverse order. First turn 
the hand wheel of the rheostat so as to include all of the resistance 
thus reducing the voltage to the lowest value; open the line 
switch and stop the prime mover. The main switch must be 
protected by fuses or circuit-breakers. In case of an overload 
or short-circuit the fuses or circuit-breakers will open and thus 
protect the generating apparatus from damage. In closing the 
line circuit, the circuit-breaker must always be closed in advance 
of the switch. First close the circuit-breaker and then the main 
switch. A reversal of this order may result in considerable 
damage should the short-circuit still exist. First closing the 
circuit-breaker avoids this danger, for if the short-circuit is per- 
sistent, the closing of the switch will be instantaneously followed 
by the opening of the breaker. 

In starting a shunt generator the line switch must be left open 
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until the generator field cores have become magnetized. If the 
line switch is closed, the generator may not build up. The volt- 
ampere characteristic is such that, if the armature circuit is 
short-circuited, the voltage will drop to zero and no current will 
circulate in the field windings. 

This is not true to the same extent of compound generators. 
WTien the main switch is closed and soitie load is on, a current 
will flow in the compound winding causing some field excitation. 
In some cases this excitation may not be sufficiently high to ex- 
cite the field through the shunt winding. The compound gen- 
erator should then be started in the same way as the shunt 
generator. 

164. Method of Starting a Series Generator. — Since the volt- 
age of the series generator depends upon the load current, the 
series generator will not build up unless the main switch is closed 
and some load is connected. 

166. Operation of Generators in Parallel. — The efficiency of 
any machine is maximum when operating at full load or near 
full load. In any station where the load changes from hour to 
hour, as it will in most stations, it is advisable to have two or 
Dfiore similar generators which may be put into service one after 
the other as the load increases and be disconnected one after the 
other as the load decreases. Such an arrangement permits the 
operation of each machine at its maximum efficiency. If each 
D^achine has its own prime mover such an arrangement is espe- 
cially advisable inasmuch as these may also be operated under 
the most economical conditions. The foregoing requirements 
^e best fulfilled by having similar machines which may be oper- 
s-ted in parallel. Only certain types can thus be operated. 

166, Shunt Machines in Parallel. — Fig. 148 shows the con- 
nection for two shunt machines for parallel operation. The con- 
ditions for satisfactory operation are as follows: 

K any machine is in operation and it is desired to ''cuj; in" 

mother one, the incoming machine must first be brought up to 

Proper speed; the field must be excited so as to produce the same 

^electromotive force at the busbars; the connections must be 

^°^^^e so that like polarities are brought together on the same 

DUsbar or main. It is essential that these conditions be ful- 

"IW, for if the speed has not been properly adjusted, the machine 

^Qose speed is varying will either throw its load upon the other 

machine or will take so much from the other as to open the cir- 
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cuit-breakers or blow the fuses. If the electromotive force of 
the incoming machine is not the same as that of the busbars, it 
will either take current from them and run as a motor, or supply 
more than its share of the current, thus becoming overloaded. 
When the electromotive force of the incoming machine is the 
same as that of the busbars, it will neither supply current to them 
nor take any from them when its line switch is closed. In order 
that the incoming machine may take its share of the load, the 
field rheostat is carefully cut out until the proper current is being 
sent over the line by the machine. Unless like terminals of the 
machines are connected, a short-circuit will result, the armature 
of the incoming machine acting as a low resistai\ce path across 
the busbars. 

Referring to Fig. 148, the procedure in practical operation is 
as follows: 
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Assimie that armature of machine 1 is supplying current to 
the lamps and it is desired to connect armature 2 in parallel with 
it. The switch >Si, which may be a two-pole switch, is closed 
when machine 1 is operating satisfactorily. Switch &% is open, 
and machine 2 is carefully brought up to speed; its field is next 
excited by adjusting the variable field resistance until the volt- 
meter indicates the proper voltage when switch ^2 is closed. 
Now the variable field resistance on No. 2 is further adjusted 
until each machine is carrying its share of the load. 

To disconnect machine No. 2 from the busbars, first reduce 
its voltage until no current is being supplied; open switch S2, 
and shut down the engine. 

From the characteristic of a shunt dynamo, Fig. 136, it is evi- 
dent that the electromotive force of a shunt machine falls oflf 
rapidly as the load increases. When two shunt machines are 
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^fc^^*i«cted in parallel, any fluctuation in electromotive force of 

. ^ machine produces a like efEect in the other and the operation 

stable. Suppose the electromotive force of one machine to 

^T> shghtly, the other will supply more current and its voltage 

*H also be reduced on account of the increased load. Thus, 

■'^J' current or voltage fluctuation in one machine automatically 

^acts on the other and they continue to operate with stability- 

157. Operation of Compound Generators in Parallel. — Com- 

l^ound machines are operated in parallel iu the same manner as 

^liunt machines. On account of the fact that their character- 

Iistics are different, some changes are made in their connections. 
It will be seen by reference to Figs. 140 and 141 that the electro- 
motive force of a compound generator does not decrease with 
"the load. In the flat-compound machine the characteristic is 
nearly a straight line, parallel to the current axis, and in the case 
of the overcompound the electromotive force increases with in- 
crease in load current. Two such machines connected in parallel 
will be unstable in their operation. If two overcompound mar- 
chines be connected in parallel without any equalizing connec- 
tions, a decrease of the load on one will be followed by a drop in 
its voltage, which will cause a further decrease in its load and a 
corresponding increase in the load of the other generator. This 
increase in load will raise the voltage and as a result the first 
generator will be deprived of still more of its load. This process 
Will continue until the current in the series field' of the first 
Qiachine is reversed, and the second machine is short-circuited, 
through the low-resistance series field and armature of the first 
machine. 

In order to avoid this difficulty there is connected between the 
tjointa A and B, Fig. 149, a wire of low resistance. This is com- 
*TQonly known as the "equaUzer," or "equaUzer connection." 
The function of this connection is to divide the total current 
furnished by the machines in the inverse ratio of the resistances 
cf the series-field windings. When the equahzer switch is closed, 

»it ia impossible for either machine to send a current in the oppo- 
site direction through the series winding of the other, although 
it is possible for one machine to drive the armature of the other 
as a motor. The equahzing or corrective influence of the parallel 
connection of the series windings will become clear by a close 
inspection of the connections and distribution of currents. Thus, 
^L in Fig. 149, if the voltage of machine No. 1 should momentarily 
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fall below that of No. 2, additional excitation for No. 1 will be 
provided by No. 2. The equalizer connects the two series wind- 
ings in parallel, and the current at B divides, part of it passing 
through the series coil of machine No. 2 and part along the equal- 
izer and through series winding of No. 1. The equalizer is so 
connected that this auxiliary current from No. 2 raises the volt- 
age of No. 1. If the voltage of machine No. 1 drops too low, 
some current from machine No. 2 may pass through the armature, 
driving it as a motor, but as this current does not pass in the 
reverse direction through the series winding there is no danger 
of reversing the field of machine No. 1. 
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The effect of the equalizer may be studied from a slightly differ:^'' 
ent viewpoint. Assume that each generator is carrying its shar^' 
of the load; under this condition the voltages must be equal- 
The current supplied to the outside circuit divides between the 
series coils inversely as their resistances. It is thus evident that 
the resistance of the equalizer must be negligible in comparison 
with the resistance of either of the series windings. If this is not 
the case, the current will not divide properly under varying load. 

168. Division of Load Between Compound Generators in Par- 
allel. — The manner in which two compound generators will divide 
the load will depend upon their regulation characteristics. Flat- 
compounded machines will adjust themselves at different loads 
more accurately than overcompounded machines. When two 
overcompounded generators are operated in parallel and the 
voltage of one drops, more load will be thrown on the other ma- 
chine raising its voltage. This may go on until the voltage is so 
high that the overloaded generator tends to drive the other one 
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as & motor. It is thus necessary that the regulation character- 
istics of the generators be the same at the busbars. If the ma- 
cliinea have different capacities, the resistances of their series 
coils and leads connecting them to the busbars must be inversely 
as their rated load currents. This means that the fall of poten- 
"tia.] across series windings and leads will be the same under normal 
load. 

It is very evident that a proper division of the load will depend 
VI j><m the constancy of speed of the generators. If the generators 







^ ^* driven by separate engines, the division of the load will be de- 

*^'%iined by the speed regulation of the engines. 

^%)e process of cutting in a compound generator differs from the 

(rf cutting in a shunt generator very httle. The difference 

in leaving the equaUzer switch open until the voltage has 

—in adjusted so that no difference of potential exists between 

J '^ints A and B, Fig. 149. When this has been done, the equal- 

^^ switch is closed and after that the line switch is closed. These 

f-^T^tohea can readily be combined into one three-pole switch. 

**■« equalizer switch should be made so that it will close before 
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the other two. A diagram of switchboard connections for paral- 
leling two compound generators is shown in Fig. 150. 

169. Operation of Interpole Generators in Parallel. — The sta- 
bility of operation of two generators in parallel is determined by 
their regulation characteristics. If these are alike and drooping, 
the two machines will operate satisfactorily. The regulation of 
a shunt generator is inherently drooping as has already been 
shown. 

The function of the conunutating pole is to neutralize the 
armature magnetomotive force in the conunutating zone and to 
provide a flux for neutralizing the electromotive force of aeJ^ 
inductance of the coil undergoing conunutation. It is thus evi- 
dent that the interpole may have considerable influence upon the 
regulation characteristic of a generator and indirectly upon the 
stability of operation in parallel with another Uke generator. 

The conmiutating-pole winding is connected in series with the 
armature in order that its magnetomotive force may vary with 
that of the armature winding. The increase of conunutating 
pole flux with load current will vary in the same way as the mag- 
netization or saturation curve of a separately excited generator, 
Fig. 133, that is, the flux does not increase in direct ratio with 
the load. The inevitable result is that while proper compensa- 
tion may be secured at some load current, at a smaller load cur- 
rent there will be overcompensation and at greater loads the 
commutating pole will not supply enough flux to produce perfect 
commutation. 

The influence of the commutating pole on the regulating char- 
acteristic of the generator may thus be considered under three 
heads: 

(a) Flat or correct compensation. 

(6) Undercompensation. 

(c) Overcompensation. 

(a) Flat Compensation. — If the brushes are properly located 
in the neutral or commutating plane, and flat compensation is 
secured, then a proper commutating flux exists for neutralizing 
the electromotive force of self-inductance and that due to arma- 
ture reaction and no local current circulates in the short-circuited 
coil. As no local current flows, the terminal electromotive force 
will not be affected and as the armature drop and armature reac- 
tion will produce a drooping regulation characteristic, such a 
machine will operate satisfactorily in parallel. 
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(5) Undercompensation. — If the interpole or commutating 
pole does not supply sufficient flux to neutralize the voltage of 
self-inductance and armature reaction, the voltage that is not 
neutralized will send a current through the short-circuited coil 
in a direction, Fig. 151, such that its magnetomotive force will 
oppose the magnetomotive force of the field winding, and hence 
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^U cause a decrease in the terminal pressure, or in other words, 
^^^ill produce a drooping characteristic which is necessary for 
patx-allel operation. 

Cc) Overcompensation. — With the brushes in the neutral plane, 
^cl an excess of commutating pole flux, the electromotive force 
of self-inductance and armature reaction will be neutralized and 
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^^ electromotive force will be present which will cause a current 
^^ flow in a direction. Fig. 152, such that its magnetomotive force 
^ds the magnetomotive. of the field-exciting current. This will 
^^lid to increase the terminal voltages or to cause a rising char- 
acteristic which is detrimental to stable parallel operation. 
Whether the overcompensation is sufficient to overcome the 
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effects of armature reactioD and armature drop will depend upon 
the degree of overcompensation. Usually, it will not affect the 
operation of the machine. The conclusion is evident that a 
generator with commutating poles, when correctly compensated 
at a certain load and with brushes in the neutral plane, will 
operate satisfactorily in parallel with a like machine at this and 
greater loads, but it may become unstable at smaller loads. If 
correct compensation is not present at any load within the capa- 
city of the machine, adjustments must be made. 

160. Adjustments for Proper Compensation. — If the commuta' 
ting pole does not provide the proper amount of flux for compen- 
sation, two expedients may be used to correct the defect — either 
the ampere-turns on the pole may be increased or decreased as 
the case demands, or the reluctance of the magnetic circuit of the 
interpole may be changed by changing the length of the air gap 




in the proper direction. The length of the air gap can usu^ly 
be changed by removing or adding, as the case demands, shims 
between the pole and yoke. Decreasing the magnetomotive 
force of the interpole winding by shunting some of the turns will 
not give satisfactory results when the load on the generator 
fluctuates rapidly. 

161. Effect of Position of Brushes. — The regulating character- 
istic of a coram utating-pole generator is also influenced by the 
position of the brushes, as a brief analysis will show. 

If the brushes are situated exactly in the neutral planes as 
shown in Fig. 153, the electromagnetic effect of the south inter- 
pole on the inductors between C and D is neutralized by the effect 
of the north interpole. The same thing is true of the other induc- 
tors, hence the total effect upon the regulation characteristic is mL 
If the brushes are shifted backward, or against the direction of 
rotation, Fig. 154, it is evident that the electromagnetic effect 
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of the south interpole upon the inductors between C and D is 
greater than that of the north interpole; while between D and E 
the influence of the iV-interpole preponderates. As the magneto- 
motive force of the commutating-pole winding varies with the 
load current, it will act as a compound winding and tend to 
produce a rising characteristic which is detrimental to stable 
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parallel operation. Analysis will show that shifting the brushes 
in the direction of rotation will have an opposite effect, that is, 
will tend to produce a drooping characteristic. This method of 
securing a sufficiently drooping characteristic for stable parallel 
operation should not be employed except in extreme cases, for 
shifting the brushes from the neutral planes will have an unfa- 
vorable effect upon commutation. 

3us Bar 
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Fig. 155. 



162. Equalizer Connection. — In order to secure correct com- 
pensation, the current in the winding of the commutating poles 
of a generator must be the same as that in the armature. Where 
an equalizer is employed, it should be connected between the 
compound and commutating pole windings as shown in Fig. 155. 
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163. Series Generators in Parallel. — Since the series generate 
has a rising regulation characteristic, two such generators can no <z:^ ^ol 
be operated in parallel without an equalizing connection. Sud^z^.ci 
generators are seldom if ever operated in parallel. 

164. Dynamo Troubles. — The troubles usually encountered iri in 
operating dynamos may be classified under the following head^^tds: 

1. Failure to build up. 

2. Sparking at the brushes. 

3. Heating of commutator and brushes. 

4. Heating of armature. 

5. Heating of field magnet. 

6. Heating of bearings. 

165. Failure to Build Up. — Under what conditions some dyns. -^laa- 
mos may fail to build up has already been briefly mentioned. A 
more complete analysis of the causes will now be made. 

The building up of all direct-current generators depends upczn^n 
the residual field magnetism. If this is absent, or if it has be^^aez? 
reduced below a certain value, the initial electromotive force wf^-i? 
not be strong enough to cause the generator to build up. Tb^nae 
residual magnetism must be great enough to induce an electr^o 
motive force of sufficient strength to overcome the field-circir/^ 
resistance 

According to Ohm^s law the initial exciting cmrent depends us 
much upon the resistance as upon the induced electromotive 
force. If the field-circuit resistance is high, practically no initial 
current will flow. This high resistance may be due to a broken 
lead, poor contact of brushes, loose connection, or normally high 
field resistance 

As already pointed out, a series generator can not build up on 
open circuit. On the other hand, a shunt generator will fail to 
build up if there is a short-circuit on the Une or busbars. 

The remedies to be appUed, of course, consist in locating the 
particular trouble and correcting it. The lack of residual mag- 
netism can readily be discovered by taking a small nail and hold- 
ing it against one of the poles. If there is any residual magnetism, 
the nail will be held up against the pole. Never attempt this 
while the machine is running. A broken field connection may be 
discovered by disconnecting the field and attempting to send 
current through the windings from some outside soiu'ce. A care- 
ful examination of all connections may serve to locate the trouble, 
if a loose contact is at fault. If the fault is due to^too high a 
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r-csistance in the field circuit, an increase in the speed of the ma- 
<3liine may generate sufficient electromotive force to overcome the 
ciifficulty. In fact in some cases the generator may be running 
SLt too low a speed, and raising the operating speed may overcome 
xnot only that, but other difficulties as well. 

166. Sparking at the Brushes. — Sparking at the brushes is the 
symptom of either one or a combination of many troubles. 
-Among the most common causes may be mentioned : 

(a) Excessive current. 

(6) Brushes not in proper position. 

(c) Roughness or unevenness of commutator. 

(d) Poor contact of brushes. 

(e) An open-circuited or short-circuited armature coil. 

(f) Armature coil grounded. 

(a) Excessive Current Due to Overload or Short-circuit on the 
Mains. — The distortion of the magnetic field of a generator varies 
with the load, and hence, the position of the brushes for sparkless 
commutation can not be fixed. On well-designed generators no 
excessive sparking results with fixed brushes from no load to full 
load. When a heavy overload, however, comes on or a short- 
circuit develops, the brushes are not in a proper position and 
excessive sparking results. 

Then again, sparkless commutation takes place only when the 
current density does not exceed a certain value. What this 
value is in any particular case depends upon the intensity of the 
field and inductance of the armature. It is very evident that a 
short-circuit or overload may increase the current density above 
this safe maximum. The remedy for this difficulty is self- 
evident. 

(6) Brushes not in Proper Position. — The proper position for 
the brushes on generators without commutating poles is sUghtly 
ahead of the neutral point. On generators with conmiutating 
poles, the correct brush' position is on the no-load neutral point. 
If the brushes are given a backward lead on a generator with com- 
mutating poles, the commutation will be imperfect, and the 
generator will overcompound for higher loads. If the brushes are 
given a forward lead, the commutator will Ukewise be imperfect, 
but the voltage will fall off with increase in load. When the 
generator is first being set up, the proper position for one set of 
brushes is determined for the Westinghouse machine by the aid 
of a templet as indicated in Fig. 156. The templet is first 
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fasteoed to tbe bni^li-holder ring. One set of brushes is thei^ 
placed so that it makes cootact with tbe templet as shown. Tbe 
other sets are then uniformly spaced around the commutator. A 
good way to secure uniform spanng is to cut a strip of toi^h 
paper exactly equal in length to the circumfereDce of the commu- 
tator. This strip is then divided into the same number of parts 
aa there are sets of brushes, after which it is stretched around the 
commutator and the brushes set to correspond with the divisdong 
on the paper. The templet must be removed before the armature 
is rotated. For other machines similar methods may be used. 




To determine the position of the neutral plane the following 
method may be employed: First prepare two blocks of wood or 
fiber for each of two regular brush holders, and between each pair 
of blocks place a strip of copper for making electrical contact 
with the commutator and for connection to the voltmeter leads 
as shown in Fig. 157. With the machine standing, raise all 
brushes from the commutator and insert the two pilot brushes 
into two holders as shown in Fig, 158. Then excite the shunt 
magnetic circuit to about one-half nonnal value and suddenly 
break the circuit. If there is a deflection of the voltmeter the 
brushes must be shifted until no deflection is observed v 
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sVxiint circuit is suddenly opened. When no deflection is ob- 
served the brushes are in the neutral planes. To determine the 
other neutral planes, change the pilot brushes to adjacent holders 
and proceed as before. 
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Fig. 167. 



The foregoing method of locating the neutral points on the 
commutator is based on the principle of inducing an electromotive 
force by transformer action, and upon the fact that the electro- 
motive forces induced in the armature conductors located equal 




Field Frame 



Fig. 158. 



distances from the center of the pole are equal and in opposite 
directions. This fact will be readily understood from Fig. 159 
which is a section of a six-pole drum armature. If the exciting 
current of such a generator be suddenly broken, the field flux 
will be greatly reduced in value. This sudden decrease in the 
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field flux induces an electromotive force in tlie armature con- 
ductors. It is evident from the figure that the electromotive force 
is in the same direction in the conductors between the brushes. 
This is due to the fact that aU the conductors are cut in the same 
direction by the decaying flux. The separate electromotive 
forces in the conductors to the right of the central hne will be 
added and we may assume that they will tend to send a current 
out at brush B. In the same way the separate electromotive 
forces in the conductors to left of the central line CD are also 
added together and they tend to send a current out at brush A. 
If there is the same number of conductors between brush A and 
the central line as there is between brush B and the central line, 




then the potential of brush A will be the same as the potential of 
brush B and the voltmeter will show no deflection. If the brushes 
are shifted in either direction from the neutral line, the poten- 
tial of one brush will be higher than that of the other brush and 
the voltmeter will show a deflection when the shunt-field current 
is broken. If the armature winding is perfectly symmetrical 
and the commutator has a whole niunber of segments per pole, 
a position can be obtained where there will be no deflection of the 
voltmeter connected between two adjacent neutral points when 
the field current is broken; but with two circuit armature windings 
it is impossible to have an integral number of commutator seg- 
ments per pole. When locating the neutral points on such a 
machine by the foregoing method, it is necessary to make a 
number of repeated trials. The brushes are so spaced and set 
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that by rotating the commutator step by step and taking read- I 
inge all of the way around the sum of readings shall be a mini- j 
mum, the positive and negative signs of the readings being 1 
disregarded. A check upon the correctness of the work is to j 
Bpace the pilot brushes from each other by an odd number of J 
poles. If under such circumstances there is no deflection wheni 
the field current is broken, the position of the electrical neutral J 
has been correctly estabhshed. 

(c) Roughness or Unevenness of Commutator. — If the commu-l 
tator is rough or uneven, the brush will momentarily break con-fl 
tact aa it passes from a high to a. low point. If the sparking ii 




'"lie to this cause, neglect will only increase the trouble. In fact, 
'***iH is the inevitable^^result of^sparking'_at the brushes no matter 
_y^ti.at the cause may be. The conxmuator may be eccentric, 
"*-^t is, not truly round. This may also cause sparking on high- 
T*^ed machines. On slow-speed machines the brushes will i 
**^How the commutator. | 

IloughnesB of the commutator may be remedied by using fine"! 
'^*idpaper fastened in a block hollowed out to fit the commu- 
If the commutator is very rough or is eccentric, it will 
'^^'Ve to be "turned," In case of small machines this is best 
^^He by removing the armature and placing it in a lathe. Com- 
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mutators on large machines are best turned in place. If the 
commutator is not too rough, a grinding device may be rigged up 
as shown in Fig. 160. The grinding device consists of a sandstone 
mounted on one of the brush-holder arms from which the brushes 
have been removed. The stone should be properly adjusted until 
a clean-cutting effect is secured. After the commutator has 
been ^Hurned" in this way, it may be finished with No. 00 sand- 
paper. Emery cloth should never be used for smoothing the 
commutator. 

In some instances the mica between the commutator bars may 
not wear at the same rate as the copper bars, or for some other 
cause it may become too high, causing the brush to break con- 
tact every time it passes over it. This will cause destructive 
sparking. The remedy for this is to cut away the mica to a 
depth of 3^2 to Ke i^^ch below the adjacent copper. The 
practice of undercutting the mica is becoming quite general; 
on direct-current turbo-generators this is the common practice. 
Trouble is also sometimes experienced from the burning out of 
the mica insulation between the commutator segments. This 
is most likely to happen if oil or grease is used on the commu- 
tator, or if the mica becomes oil-soaked from any source what- 
soever. To remedy this difficulty the mica should be care- 
fully scraped out and the gap filled with a solution of water glass 
(sodium silicate) or other suitable insulating cement. 

(d) Poor Contact of Brushes, — Another source of sparking is 
poor brush contact. If the brushes do not press evenly over 
their whole contact area on the commutator, there will be a 
greater density of current at the points of greatest pressure and 
sparking will result. Then again, sparking may be due to in- 
sufficient brush pressure, or oil and dirt on the commutator. 

To secure uniform pressure over the whole contact area, the 
brushes must move freely but not loosely, in their holders, and 
they must conform to the curvature of the commutator. This 
conformity can be secured by sandpapering the brushes in a man- 
ner indicated in Fig. 161. A strip of sandpaper is slipped, with 
the smooth side against the commutator, under a brush and 
pulled back and forth. The paper must be held in contact with 
the commutator while it is moved. 

The pressure per square inch of brush-contact area should be 
between 1.25 to 2.25 pounds for stationary motors and genera- 
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tors; 2.5 to 4 pounds for elevator and mill motors; 3 to 5 pounds 
for crane motors; and 4 to 7 pounds for railway motors.^ 

(e) An Open-circuited or Short-circuited Armature Coil. — When 
sparking is located at only one place on the commutator, a short- 
circuited or open-circuited armature coil is probably responsible 
for the trouble. Sometimes a loose connection maiufeats itself 
only at certain speeds. 




The trouble due to loose connection, or open circuit, in the 

f armature is indicated by a bright spark which appears to pass 

■ completely around the commutator; the pitting, however, always 

takes place at the segment to which the defective coil is, or should 

be, connected. If the trouble is due to a broken wire the defect 

ia easily located. 



'B. H. Mahti.vdalb: Electrical Hevieui 



ind Western Electrician, vol. 70, 
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1. Testing for Open Circuits. — To test for broken leads or con- 
nections we proceed as follows: Procure a storage battery or 
other source of electromotive force of low voltage and low inter- 
nal resistance. Clean the commutator and substitute for one of 
the carbon brushes a copper strip that may be held in the hand. 
Connect one terminal of the battery to the carbon brush and the 




other terminal through an amjneter to the copper strip. Hoh 
the copper brush on the commutator one or two segments froi 
the fixed carbon brush and rotate the armature by hand. Figa 
162 and 163 show that usually there are two leads soldered to on« 
commutator segment. If one of these is broken, the ammeten 
will show a decreased deflection. If both are broken, the deflect 




tion will be zero. That this must be true may readily be « 

stood by reference to the figures mentioned. For instance,.^*! 

suppose one terminal of our battery is connected to the positive ^^^ 

brush in Fig. 162 and the copper brush is in contact with com- 

mutator segment No. 2. If no break exists in either lead, we have ^ 
two paths of low resistance in parallel and the current will be 
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relatively large. When one lead is broken, the current can follow 
only one path whose resistance will be higher and thus the deflec- 
tion less. When both leads of segment 2 are broken, no deflec- 
tion will result, for we then have an open circuit. The same 
reasoning appUes in the other cases. 

To locate a fault in the coil we replace both carbon brushes by 
metal strips and hold them against two adjacent commutator 
segments. An open-circuited or broken coil will be indicated by 
a decreased deflection, while a short-circuited coil will be dis- 
closed by an increased deflection. An examination of the wind- 
ings will show that the change in the deflection is due to the same 
causes as in the preceding case. 

It must be remembered in making these tests that the circuit 
will be broken repeatedly as the brushes pass over the mica in- 
sulation between commutator bars, and these breaks must not be 
mistaken for faults in the armature windings. 

(/) Armature CoiLGrounded. — One or more coils of the arma- 
ture may be grounded; that is, electrical connection is made 
between the coil and the armature core. Such a ground will also 
produce sparking. 

1. Test for Grounds. — A ground in an armature consists of an 
electrical connection between the winding and armature core. 
A test for a ground is best made by connecting one end of a source 
of electromotive force to one of the brushes of the dynamo and 
the other through a low-reading voltmeter to the armature 
shaft. A deflection of the voltmeter indicates a ground, and the 
ground is located near the commutator bar which gives the 
greatest deflection. Another method consists in sending a large, 
constant current from a battery or some outside source through 
the armature by means of the brushes. While this current is 
flowing connect one terminal of a low-reading voltmeter to the 
armature shaft and the other to one after another of the commu- 
tator segments. A deflection of the voltmeter indicates a ground 
which is located near the segment that gives the least deflection. 

(g) Weak Field. — A weak field in many cases is also responsible 
for sparking. In case of a generator a low voltage will always be 
associated with a weak field. If the machine is a motor, the weak 
field will cause excessive speed. The weak field is usually due to 
a high resistance in the field circuit due to a faulty connection 
either in the field circuit or rheostat. 

24 
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167. Heating of Commutator and Brushes. — This may be 
caused by conduction of heat from some hotter part of the ma- 
chine, sparking, short-circuit between commutator segments, and 
imperfect electrical connection between brushes and brush holders. 

Sometimes particles of copper or solder form a short-circuit or 
the mica insulation breaks down between conunutator segments. 
No sparking accompanies such a short-circuit, but it is disclosed 
by excessive heat being developed in certain parts of the commu- 
tator. Where carbon brushes are used, it frequently happens 
that a poor contact between brushes and brush holders develops, 
and excessive heating results due to the relatively high resistance. 
Similarly, insuflScient pressure of the brushes is accompanied by 
sparking and excessive heating. 

168. Heating of Armature. — This may be due to the following 
causes: 

(a) Conduction of heat from a hotter part of the machine. 

(6) Short-circuit or ground in armature coils. 

(c) Continuous overload. 

An overload continued for some time causes the deterioration 
of the armatiu'e insulation. Continued overloading finally de- 
stroys the insulating properties of the insulating material so that 
the machine is incapable of carrying its normal full load without 
excessive sparking and heating. 

169. Heating of Field Coils. — Only two or three things can 
cause an excessive heating of field coils: 

(a) The heat may be conducted to the coils from hotter parts 
of the machine. 

(6) Short-circuits in armatm-e windings necessitating excess- 
ive field current for proper voltage. 

(c) Moistiu-e in field coils. 

170. Heating of Bearings. — Bearings may become hot from 
any of the following causes : 

(a) Lack of oil, grit, roughness of shaft, oil rings sticking or 
being displaced, too tight fit between shaft and bearing, crooked 
or bent shaft, poor aUgnment of bearings, rubbing of pulley or 
collar or shoulder against the bearing. 

(6) Side thrust of armature due to uneven foundation or mag- 
netic pull. The remedy in each case is obvious. 

There are some troubles pecuUar to generators and others 
peculiar to motors. In addition to those already discussed, the 
following sometimes develops in generators rim in parallel. 
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171. Reversal of Generator. — The magnetism of a generator 
may be reversed when standing idle in close proximity to other 
machines, or by a stray current from some outside source. When 
the machine is next started, it will build up in the wrong direction, 
causing a dangerous short-circuit when connected in parallel 
with another generator. To obviate this danger, the shunt-field 
windings of all generators to be run in parallel should be connected 
to the busbars, for then it is not possible for one of the machines 
to become reversed with respect to the others. 

Recapitulation 

1. A field rheostat is a variable resistance which is connected in series with 
the field winding for controlling the exciting current. 

2. The Automatic or Tirrill regulator is a combination of electromagnets 
and resistances which automatically control the field excitation by momen- 
tarily short-circuiting the field rheostat. The duration of the short-circuit 
is controlled by the load current. 

8. Generators are operated in parallel when two or more are supplying 
energy to the same load circuit at the voltage of one generator. 

4. The necessary conditions for successful parallel operation of two or 
more generators are: 

1. Terminals of like polarity must be connected to the same busbars. 

2. The voltages of the two machines must be the same. 

3. The generators must be of the same type. 

4. Their regulation characteristics should be alike, and inherently drooping. 
6. When compound generators or interpole generators of the compound 

type are operated in parallel, the compound windings must be interconnected 
by a conductor of very low resistance. This conductor is called the 
equalizer. 

6. Shifting the brushes backward on an interpole generator will tend to 
produce a rising regulation characteristic and hence is detrimental to stable 
parallel operation. 

7. Shifting the brushes forward on an interpole generator will tend to cause 
a drooping characteristic and hence will increase the stability of parallel 
operation. A shifting of the brushes in either direction may, however, inter- 
fere with commutation, and hence, stability of operation should be secured 
in some other way. 

8. The troubles usually encountered in operating dynamos may be classi- 
fied as follows: 

1. Failure to build up. 

2. Sparking at brushes. 

3. Heating of commutator. 

4. Heating of armature. 

5. Heating of field magnets. 

6. Heating of bearings. 

7. Reversal of magnetism. 

The causes for these symptoms and their remedies will be found in the text. 



CHAPTER XIV 

OPERATING CHARACTERISTICS OF MOTORS 

172. Service Reqtiirements. — In the case of generators, the 
requirements of service determine whether a constant-current or 
a constant-potential generator is to be used. In the same way the 
great variety of service requirements determines the different 
designs and types of motors. Some of the appUcations of motors 
require high starting torque and rapid acceleration or increase in 
speed. The operation of electric railways and hoists has these 
characteristics. There are other applications whose service 
requirements are such that the motor must maintain constant 
speed under different loads, such as fan and blower installations. 
There are still others which necessitate an adjustable-speed motor, 
that is, the speed of the motor is to permit of adjustment to meet 
certain requirements at one time and different requirements at 
another time; many machine tools can be operated at more effi- 
cient cutting speeds if operated by an adjustable-speed motor; 
and finally, some appUcations require that the speed of the driv- 
ing motor decrease, and the torque increase as the load is sud- 
denly applied. To meet these various requirements we have 
constant-speedj adjustable-speedj and variable-speed motors. 

The different speed characteristics of direct-current motors are 
determined by methods of excitation, and accordingly the more 
common classification is the same as that for generators, and 
we thus have series, shunt, compound, and interpole motors as 
well as generators. The speed and torque characteristics of 
these types will be taken up later. Intelligent selection of motors 
necessitates a knowledge of their speed and torque characteris- 
tics, together with the electrical and magnetic quantities involved. 

173. Series Motor. — In this type of motor the field windings 
which produce the excitation are connected in a continuous path 
or circuit with the armature and external circuit of the machine. 
This form of connection is shown in Fig. 107. The electrical cir- 
cuit for the series motor is the same as for the series generator, 
which is described in a preceding chapter. 
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. • ^^^sitates a knowledge of their speed and torque characteris- 
*^^ together with the electrical and magnetic quantities involved. 



_. Series Motor. — ^In this type of motor the field windings 
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-8 form of connection is shown in Fig. 107. The electrical cir- 
for the series motor is the same as for the series generator, 
*^^€h is described in a preceding chapter. 
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^^ircuit with the armature and external circuit of the machine. 
s form of connection is shown in Fig. 107. The electrical cir- 
for the series motor is the same as for the series generator, 
■*^^<5h is described in a preceding chapter. 
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174. Speed-torque Characteristics of Series Motor. — Since the 
strength of the magnetic field is proportional to the ampere- 
turns on the field poles, in a series machine the strength of the 
magnetic field will then be proportional to the current in the 
armature. This is evidently true since the armature current and 
field current are the same. 

From the torque equation T = 7.045fc#/a pound-feet we 
see that the torque is proportional to the product of the field 
flux # and the armature current /a, and as the field flux is pro- 
portional to the armature current the torque is proportional to 
the square of the current. For purposes of computation, we 
would need to know the exact relation between # and /«, but 
this varies considerably with the degree of saturation. The 
important point is the fact that the torque increased approxi- 
mately as the square of the armature current, which means that 
the series motor will have a large torque at maximum current 
intake. Similarly, using the equation 

_ E -(k^Zn 

^ a 7-> 

as given in Article 75, we may, by solving for n, get the expres- 
sion for speed, which is 

__ E — Rala 

and since # decreases as / decreases, and increases as / increases,, 
with constant applied voltage, or E, the speed will vary approxi- 
mately inversely as /«• fla in the above expression is the resist- 
ance of armature and field. On acdount of this variation iiK^^ 
speed with the fluctuation of the load a series motor is sometime^^ 
called a variable-speed motor. Its behavior is such that as th.-^ 
load decreases, the motor speeds up, and imless the motor ^^s 
rigidly attached to the load the speed may become excessive ar^^ d 
wreck the armature. The most important characteristic of fct^^e 
series motor is the relation between its torque and speed. F'i^*- 
164 shows a curve which gives the relation between spe^ ^; 
torque, and armature current of a series motor. 

It is very evident from the expression for speed, n, that f ^^^ 
large /<,, E — Rata is small and, consequently, n is small. Tti*"-*^ 
at low speeds the torque is high. This property of high torqf-*^ 
at low speeds makes the series motor suitable for starting aJ^^ 
moving heavy loads that need to be accelerated rapidly. 
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For railway service it is of interest to know the pull in pounds 
that the motor will exert at the rim of the driving wheels at dif- 
ferent speeds and armature currents. To give this information, 
tractive effort curves are plotted. Such a curve is shown in Fig. 
165. It is very evident that the tractive effort curve is in form 
exactly like the torque curve. 

176. Efficiency of Series Motors. — In Fig. 165 is also given an 
efficiency curve. It will be noticed that the efficiency of the 
motor is quite high over quite a range of load current. The 
maximum efficiency is reached at about 70 amperes, being about 
86 per cent, at this load. Another valuable feature of the series 
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motor is the high efficiency below and above full-load current. 
The curve shows that this particular motor has an efficiency 
of over 80 per cent, at 200 amperes of load current. 

The efficiency curve is for normal voltage. At lower vol- 
tages this would not be the case. The decrease in efficiency would 
be much more marked at overloads as the voltage falls below 
normal. According to definition, the efficiency of a motor is the 
ratio of energy output to energy input. Expressed algebraically 
this becomes, 

watts output X time 



Efficiency = 



watts mput X time 
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__ wat ts output 
watts input 
Id accordance with ttie above, the efficiency of a motor may be 
calculated when the input and output are known or caa be 



The efficiency may also be calculated from the torque or tract- 
ive effort curves, speed, and watts input. If we represent the 
torque in pound-feet by T, then the work performed by the motor 
in one rotation of the armature is 

W = 2irT footrpounda, 
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and if n is the speed in rotations per minute, then in 1 minute 
W = 2vnT foot-pounds. 
The output in watts is equal to 

„, 2miT X 746 , , 
^ 337000 " ^^"' 



and efficiency 



- 0.142ii7' 

0.142 nT 
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Example 

What is the efficiency of the motor whose torque and speed curves are 
given in Fig. 164, at a speed of 540 r.p.m. and at 230 volts? 

Solution. — At a speed of 540 r.p.m. the current intake is about 140 am- 
peres. The corresponding torque is 360 pound-feet. The efficiency at this 
speed is, therefore, 

_ 0.142 X 3 60 X 540 X 100 
'' "" 146X230 

= 86 per cent. 

The efficiency of railway motors can also be calculated from the 
tractive ejBFort curve as follows: 
The motor output in watts is 

^ ^ ^ tractive effort X miles per hour X 5,280 X 746 
Output 33,000 X60 

= 1.99 X tractive effort X miles per hour 
and efficiency 

1.99 X tractive effort X miles per hour 



V = 



watts input 



Example 

Calculate the efficiency of the motor whose tractive effort curve is given 
in Fig. 165 at a speed of 14 miles per hour. 

Solution. — ^At a speed of 14 miles per hour the tractive effort is 1,900 
pounds. The current intake at this speed is about 100 amperes. 
The output is 1.99 X 1,900 X 14 watts, and the input is 600 X 100 watts. 
Hence, efficiency is 

1.99 X 1,900 X 14 . . „ 
'^ ^ 600 XT00~~ " 88.3 per cent. 

which checks very closely with that given in the figure for efficiency without 
gears. 

176. Application of Series Motors. — The large torque with a 
relatively small current and variable speed makes the series 
motor specially suitable for cranes and traction purposes. When 
starting, the torque exerted by the motor must exceed the resist- 
ing torque due to the apparent load, in order to accelerate the 
masses which have to be brought up to speed. It is the ability 
of the series motor to provide this heavy starting torque with a 
comparatively small current that makes it so valuable for above- 
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mentioned purposes. The series motor possesses, moreover, 
special advantages in respect to the variation of load, which the 
continually changing slope of the track puts upon electric railway 
motors. The large torque required when running up an incline 
is secured with a relatively small demand on the power station. 
This is only possible, of course, because of the corresponding 
decrease of speed mentioned above. The matter is quite clear, 
apart from the above consideration, if looked at from a mechan- 
ical point of view. Power is the product of force and speed. 
If, then, the series motor exerts a large pull with a small current, 
and, consequently, with a small supply of power, it is evident 
that its speed must be small. The load on the station will not 
be so irregular as with a different type of motor. 

177. Speed Control of Series Motors. — As already shown, the 

speed of a series motor is given by n = — , y° in which ex- 
pression E is the terminal voltage applied. 

178. Rheostat Control. — The above equation shows that the 
speed depends directly upon the applied pressure under a given 
value of load current. One method of speed control that at once 
suggests itself is by regulating the terminal pressure by means of 
a regulating resistance in the armature circuit. Although this 
method is not uncommon, there are several objections to its use. 
In the first place, the energy saved by running the mbtor at a 
lower speed is lost in the rheostat, and the only efficient running 
speed is one-half the full speed. 

179. Field Control. — Another method of changing the speed is 
by shunting the field winding. If the field winding is shunted by 
a variable resistance, quite a considerable variation in the speed 
may be obtained. This method is, however, used to a very 
limited extent, as the armature reactions cause excessive spark- 
ing. The development of the interpoles, or commutating poles, 
has revived the use of field control for high-spee d railway motors. 

180. Series-parallel Control. — On street cars, speed control is 
secured by a combination of two methods, viz., rheostat and 
series and parallel connection of the motors. The essential 
principles of this method will be understood from an examination 
of the diagrammatic arrangement of Figs. 166 and 167. There 
is always mounted under the car a starting resistance the ter- 
minals of which are connected to the motor and to the controller 
on the platform of the car. When the motors are to be started 
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burning of the controller handle first connects the motors and 

^sistance in series as indicated in Fig. 166. As the speed of the 

Xotors increases, the resistance is gradually cut out by a further 

'Urning of the controller handle. When the speed has reached a 

-ertain value a further movement of the handle quickly connects 

"the armatures of the two motors in parallel at the same time 

inserting the resistance in series again, as shown in Fig. 167. 

This throws the full-Une voltage across the resistance and motors. 

The speed then continues to rise, reducing the current intake, 

and as the speed increases the starting resistance is again slowly 

cut out until finally the armatures of the motors are subjected 

to the full-line voltage. 
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Fig. 166. 



Fig. 167. 



181. Shunt Motor. — The shunt motor belongs to the class 
known as constant-speed motors. The reason for this will 
appear later. The general motor equations apply equally well 
to the shunt motor. 

182. Speed and Torque Characteristics of the Shunt Motor. — 
The electrical connections of a shunt motor are the same as those 
for a shunt generator as shown in Fig. 108. Since the field coils 
are connected in shunt with the armature across the mains, the 
field current will depend only upon the voltage between the mains, 
and the resistance in the shunt or field winding. The field strength 
will thus remain constant and the motor will maintain approxi- 
mately constant speed from no load to full load. Owing to volt- 
age drop in armature there is a slight falling off in speed from no 



222 



DIRECT-CURRENT MACHINERY 



load to full load. The speed characteristic of the shunt motor 
depends entirely upon the voltage drop of the armature, the 
armature reactions, and the position of the brushes. The in- 
fluence of the armature resistance upon the speed characteristic 
is evident from the equation 

E - RJc 
" = ^fc*Z— ■ 

* is due to the shunt-field current, and, as this depends only 
upon the applied prepare and field winding resistance, it is 
constant, and hence, neglecting armature reactions, * is constant. 
In a well-designed motor the armature resistance is small and, 
therefore, the voltage drop Rait is small. Under these conditions 
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— i-*7°~' '^ practically constant, and the motor has nearly 
constant speed from no load to full load. There are, however, 
some conditions which cause a variation in speed. 

The armature reactions increase with load, and their effect 
is to weaken and distort the field. If the distorting effect is 
small, the eilect of armature reactions is to weaken the field flux. 
When * is decreased, n, the speed, is increased as is evident from 
the speed equation. With the brushes fixed at the neutral 
point the speed characteristic is determined by the relative 
influences of the armature voltage drop and armature reactions. 
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If the former predominates at all loads, the speed will drop from 
DO load to full load; if the latter predominates, the speed will 
rise with increase in load. Usually, however, the armature 
voltage drop has a greater effect at light loads, and at heavier 
loads the armature reactions predominate. The resulting charac- 
teristic drops for the first part of the curve and rises for the latter 
part. The relative influence of these factors is shown in Fig. 
168. The speed of the motor whose speed characteristic is 
curve (a) drops off up to approximately one-half full load, while 
at heavier loads it rises. The speed of motors with this type 
of speed characteristic will be imstable when operating on the 
rising portion of the characteristic, and their service will be 
unsatisfactory. 
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In the motor whose characteristic is ehown in curve (b) the 
two effects nearly balance each other and nearly constant speed 
is the result. 

In the motor whose speed characteristic is shown by curve (c) 
the voltage drop in the armature predominates at all loads. 
This is a typical characteristic for low-speed motors. 

183. Torque and Annature Current Characteristic. — The 
torque of shunt-wound motors is proportional to the armature 
current as long as the field flux remains constant. This is evident 
from the torque equation, namely, 

T = 7.045A:*/a pound-inches. 

Knee # depends upon the shunt-held ciurent and armature reac- 
tions, it is constant until the effect of armature reactions begins 
to be appreciable, when the proportionaUty between torque and 
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armature current is no longer constant. The value of $ decreases 
slightly until quite heavy loads are reached. A typical torque 
current curve is shown in Fig. 169. The curve is not exactly a 
straight line but is slightly concave toward the armature current 
axis. 

184. Shunt Motor Unloaded. — When a motor runs idle, that 
is, without load, the torque required to maintain its speed is low 
and, as the torque depends upon the armature current, the arma- 
ture current is small. Consequently, the loss due to the resist- 
ance of the armature winding is small and the voltage drop 

Rala is negligible. 

E 

The speed equation then becomes n = j-^ at zero load, but 

k^Z n is the counter electromotive force, so we see that at no load 
the shunt motor runs at a speed such as to make the counter elec- 
tromotive force practically equal to the appUed electromotive 
force. 

185. The Shunt Motor Loaded. — When the shunt motor is 
loaded the speed must be sUghtly less so that the current intake 
may be sufficient to produce the requisite torque. The counter 
electromotive force will thus be somewhat less than at no load. 
This drop in speed from no load to full load ranges from 2 per 
cent, of no-load speed for large size motors to 10 per cent, or 
more for small motors. If the field flux were invariable the 
decrease in counter electromotive force necessary to permit 
enough current to flow through the armature could be secured 
only by a drop in the speed. As a matter of fact, however, any 
increase in the armature current decreases slightly the field flux 
on account of the demagnetizing action of the armature current. 
Consequently, the necessary decrease in the counter electro- 
motive force is brought about partly by a decrease in the field 
magnetism and partly ,by a decrease in speed. The actual 
decrease in speed is less than it would be, if the field strength were 
invariable. 

186. Application. — The shunt motor is well suited for opera- 
tions requiring moderate starting torque, and constant torque 
at constant speed. An example of this requirement is the driving 
of fans and blowers of various kinds. Likewise, many of the 
operations in factories are of a nature for which the shunt 
motor is well adapted. The driving of line shafting, grinding, and 
buffing machines, centrifugal pumps, and numerous other kinds 
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of service require for satisfactory performance the characteristics 
of Ihe shunt motor. 

3.87. Dependence of Speed upon Position of Brushes. — The 
eci nation for speed shows that n varies inversely as k^Z, If we 
rex^resent the counter pressure by Ei, then Ei = k^Zn, Any 
ca-xase affecting E\ will affect n. 

"When discussing the electric generator it was pointed out that 
irxa-ximum voltage between the brushes is secured when the 
brushes are placed at the neutral points. Similarly, when the 
niachine is operated as a motor the maximum counter electro- 
ns, otive force at any given speed will be induced when the brushes 
have zero lead. When the brushes are shifted from the neutral 
plane a smaller counter electromotive force is induced, and 
hence, a greater current flows through the armature producing 
greater torque, and increasing the speed. When a shunt motor 
^s supplied from constant-pressure mains, the speed will be 
^^inimum when the brushes are in the neutral positions. Shifting 
the brushes in either direction will increase the speed. This 
^^^"thod of varying speed is not feasible because it is necessary 
^^ set the brushes at the position of minimum sparking, since 
^I>a,x-king is the most troublesome feature of these machines. 

l88. Speed Regulation of the Shunt Motor. — With reference to 

it.s speed characteristics discussed above, the continuous-current 

^^^''J^iit motor is known as a constant-speed motor to distinguish it 

-''^^xii the series motor. The change of speed from full load to no 

^^^'d, expressed as a percentage of full-load speed, is called the 

®P>^cd regulation of the motor. Thus, if the speed of a shunt 

J^^^^lor rises from 1,500 at full load to 1,600 at no load the regu- 

^^"tion is 6% per cent. The regulation is in a measure determined 

the relative influence of the armature drop and armature 

Action. 

3.89. Factors Affecting Regulation. — One of the factors that 
i iiriously affects speed regulation is a high armature resistance, 
.at this must be so can be seen from the speed equation 

^ " k^Z ' 

^When the load on the motor is small, laRa is small and the 

^X>eed is determined by k^Z. If Ra is high, the product of laRa in- 

^^•eases with the load, and hence E — laRa will decrease rapidly, 

^stusing a marked decrease in n. A relatively high armature 
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resistance of a shunt motor may thus be the cause of poor speed 
regulation. 

Another cause of poor regulation may be due to the condition 
of service rather than to the design of the motor. Thus, if the 
operation of a shunt motor is intermittent, the change in resist- 
ance in the field winding may cause an appreciable change in the 
speed. The explanation of this objectionable feature is that as 
the temperature of the field coil rises its resistance increases. An 
increase in the field resistance decreases the field current and, 
consequently, the field flux. This decrease in field magnetism, $, 
is followed by an increase in speed. If, then, the motor is stopped 
for a time, the field coils cool off with a consequent decrease in 
resistance. When the load is again thrown on, the same varia- 
tion in speed results as the motor warms up. For operations 
requiring almost constant speed, such as weaving, this is very 
objectionable. 

There are two ways of overcoming this difficulty, both of which 
are uneconomical. One way of improving the speed regulation 
of the shunt motor is to so highly saturate the field that a slight 
change in field cmrent produces no appreciable change in the field 
flux. This method increases the power intake of the motor with- 
out increasing the corresponding output, and hence decreases its 
efficiency. 

A second method consists in winding the field with wire whose 
temperature coefficient is very low. Alloys whose temperature 
coefficient is low have a relatively high specific resistance and 
accordingly wire made of any of these alloys in order to have the 
same current-carrying capacity and total resistance as copper, 
must be much larger. This means larger and more expensive 
field coils. 

190. Speed Control of the Shunt Motor. — The constant-speed 
characteristics of the shunt motor make it extremely valuable 
for many purposes; nevertheless for some purposes, for example, 
for driving machine tools, it is desirable to vary the speed with the 
kind and character of the work. This speed control of the shimt 
motor is accomplished by one of five different methods: 

(a) Armature current control. 

(6) Field excitation control. 

(c) Reluctance of magnetic path control. 

{d) Multivoltage control. 

(e) Varying voltage control. 
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C«) Armature Current Control. — One method of controlling 
^tx^ speed of a shunt motor is by inserting a variable resistance in 
^tx^ armature circuit. There are, however, some serious objec- 
"^ions to this method of speed control. In the first place, as 
^Xx-eady pointed out under speed regulation, a relatively high 
^^sistance in the armature .circuit causes very poor speed regula- 
tion on a variable load. In the second place, the expense of a 
^^parate rheostat and the extra space necessary for it may prove 
objectionable. The most important objection, however, is the 
^€tct that the efficiency of the system is very much reduced. The 
^^R losses in the rheostat may become a very prominent part of 
tite energy input, and the useful work of a 10-horsepower motor 
^t quarter load may be as low as 22 per cent, of the total input. 
(6) Field Excitation Control. — A second method of controlling 
the speed of a shunt motor is by varying the field excitation. 
This is accompUshed by inserting a variable resistance rheostat 
into the field circuit. Any change in the field current will have a 
corresponding effect upon the field flux. If the motor is working 
under a constant load a decrease in the field strength is accom- 
panied by an increase in speed. That is, the speed varies 
inversely as the field strength. A weakening of the field is 
momentarily followed by an increase in la which increases the 
torque with a consequent increase in speed until the counter 
electromotive force has reached practically its former value. 

Although this method of controlling the speed is quite efficient 
the range of speed that can be secured in this way is small. 
In the first place shunt motors are usually designed to have 
high flux densities at normal speeds, in order that the speed 
regulation may be good. It is impracticable, therefore, to reduce 
the speed below normal by increasing the excitation current. 

In the other direction, that is, increasing the speed, a somewhat 
greater range in speeds may be secured. If, however, the 
speed is weakened beyond a certain per cent., about 70, of its 
normal value, excessive sparking at the brushes results. The 
corresponding change in speed is not over 30 per cent. This, 
then, is about the maximum practicable range of speed control 
that can be secured by means of a field rheostat. 

(c) Reluctance of Magnetic Path Control. — The field strength 
may, however, be changed in another way, namely, by changing 
the reluctance of the magnetic path. This is the method used^by 
the Stow Electric Company on their adjustable-speed motor. 



This principle is applied by making the field poles hollow anc 
placing within each a snugly fitting cylindrical iron core. These 





cores may be moved in or out by a system of bevel gears mounte< 
on the frame and operated by a hand wheel. By means of thl 
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ELirangement tbe width of the air gap may be increased or de- 
<5reased at will. Increasing the width increases the reluctance 
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and is followed by an inci-ease in speed. The decrease in field 
strength, due to an increase in the width of the air gap, obviates 
the troublesome sparlcing which usually accompanies a decrease 
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in the field strength by decreasing the exciting current. A 
motor with this form of speed control is shown in Fig. 170. 

Another manner of secm-ing the same result is employed by the 
ReUance Electric and Engineering Company whose motor is 
shown in Fig. 171. The speed adjustment is obtained by 
gradually shifting the armature endwise away from its normal 
position directly under the main field poles. The manner in 
which the armature is shifted will be readily imderstood from 
Fig. 172. It is claimed that ranges in speed as high as one to 
ten may be secured with this manner of speed adjustment. 
Characteristic curves of this motor are shown in Fig. 173. 

(d) Multivoltage Speed Control, — It is very evident that the 
speed of a motor with constant excitation will depend upon the 
voltage appUed to the armature. If, then, circuits are arranged 
as indicated in Fig. 174, dififerent speeds may be obtained by 
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connecting the armature successively between dijBFerent pairs of 
mains. The field winding is permanently connected between a 
pair of mains and then by means of a suitable controller the 
connections of the armature are changed for dififerent speeds. 

Such an arrangement is, strictly speaking, a multispeed device 
and not variable speed, since the speed of the motor is fixed 
when connected between a given pair of mains. A combination 
of this method with the one discussed under (6) will permit a 
variation of speed over a wide range. Several manufacturing 
companies make use of suitable modifications of this method. 

(e) Varying Voltage Method of Speed Control. — To H.Ward 
Leonard is due the invention of perhaps the most perfect system 
of motor speed control. The motor which it is wished to control 
is provided with a separately excited field. Ciurent is suppUed 
to the armature from a separately excited generator. By varying 
the excitation of the generator the impressed voltage can be 
varied at will, and the torque changed to suit the circumstances. 
The generator is driven at constant speed, being connected to a 
motor which takes power from some outside source. The auxil- 
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iary generator supplies current for exciting the main motor, and 
"the generator that supplies current to the armature of the main 
motor. 

Fig. 175 shows the connections for this system. Although the 
connections are complicated and such an arrangement is expen- 
sive the system ia used to a considerable ext€nt for operating 
guns and turrets on warships. 




Fio. 175. 



191. Efficiency of Shunt Motors. — Since the field losses and 
^tray power losses in a shunt motor are practically constant at 
^*11 loads it follows that its efficiency is very low when the load is 
^*mall, inasmuch as the losses are the greater part of the motor 
*-3itake. The efficiency of the motor increases as the load in- 
creases, passes through a maxi- 
mum value at a certain definite 
load, and then with further 
increase of load, the efficiency 
decreases because of the rapid 
increase of armature loss. 
The efficiency of a motor de- 
pends also upon its size. 
Thus, a small motor of }^ 
horsepower may have an effi- 
ciency of about 60 per cent. 

■while a 20 or 30-horsepower motor may liave an efficiency of 90 
per cent, and larger motors may have even higher efficiencies. 
Fig. 176 shows a typical efficiency curve. 

192. Compound-Wound Motors.— The field winding of a com- 
pound-wound motor may be looked upon as a combination of 
the windings of a series and a shunt motor. It will thus have some 
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of the characteristics of both. Diagrams of connections for the 
compound motor are given in Fig. 177. 

The manner in which the compound winding is connected to 
the external circuit divides compound-wound motors into two 
classes. In one class the magnetomotive force of the compound 
winding reinforces the magnetomotive force of the shimt winding. 
When such is the case, the machine is called cumulative-com- 
pound or simply compound. In the other class the current is 
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FiQ. 177. 

sent through the compound winding in such a direction that it 
tends to build up a magnetic field opposite to that of the shimt 
winding. Such a machine is known as a differential compoimd- 
wound motor. In ordinary commercial language motors of the 
first class are known as compound, while the latter are called 
differential motors. 

193. Characteristics of Compound Motors. — In the cumula- 
tive-compound motor, on account of the magnetizing action of 
the series coils, the field becomes stronger with increase in load. 
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From the torque equation of the shunt motor we learn that 
-^Le torque is proportional to the armature current as long as the 
3:niagnetic flux in the field remains constant, which is approxi- 
x^ately true in all cases from no load to full load. 

In the compound motor the strength of the magnetic field 
increases with increase in load and the torque increases more 
xapidly than the armature current. That is, the torque is pro- 
portional to the product of the armature current and field flux 
due to both shunt and series windings. Using the notation in the 
previous discussion, the torque for a series motor was shown 
to be r = 7.0i5k^ZIa pound-feet, but * varies with /„ and, 
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"therefore, the torque of the series motor is proportional to the 
Square of the armature current. The compound motor has the 
characteristics of both the series and shunt motors. We may 
thus write for the torque of the compound motor 

T = kjjf + kj^\ 

The first term is the torque due to the shunt, and the second term 
that due to the compound winding. 

It is very evident that as the field strength increases the speed 
will decrease. This decrease in speed becomes relatively leas 
as the load increases on account of the fact that as the field 
strength increases the field poles approach saturation; further 
reduction in speed is caused solely by armature and series-field 
voltage drop. The speed and torque characteristics of the com- 
pound motor are determined by the relative influence of the 
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shunt and series windings. These two factors may be varied in 
any desired ratio, and the speed and torque characteristics may 
approach those of the series motor with just enough shunt wind- 
ing to prevent the motor from running away at no loads, or they 
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may approach the constant-speed characteristics of the shunt 
motor. Typical speed-current characteristics of compound 
motors with different degrees of compounding are shown in Figs. 
178, 179, and 180. The usual practice is to adjust the shunt 

















-? 


























^ 












k 














« 












||M> 










-~ 
















-IKO 


























r 


1 li™ 


H"^ 


e/w-J 


i -i 


-i 


1 1 1 



and scries winding to give approximately 20 per cent, variation 
in si)ccd from no load to full load. 

194, Application of Compound Motors. — Compound motors 
with heavily excited shunt field are used under conditions re- 
quiring lai^e starting torque and nearly constant speed. They 
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are employed extensively in shop practice, where a motor may be 
required to start under heavy load, but must maintain an ap- 
proximately constant speed after starting or when the load is 
removed. The heavily compounded motor is employed where 
powerful starting torque and rapid acceleration are necessary 
Tvith a speed not too widely variable under changes in load 
corresponding to the requirements of elevator, hoist, and similar 
service. 

In addition to rapid acceleration a further requirement of ele- 
^vator service is that constant running speed be maintained. 
This is secured by cutting out the series winding at full speed. 

195. Speed Regulation of Compound Motors. — Since the varia- 
tion in speed of the compound motor depends upon the relative 

agnetizing effects of the shunt and series windings, the varia- 

ion in speed may be large or small. It is very evident that the 

peed regulation may be almost anything desired by the designer, 

nd that it depends upon the predominance of the shunt or series 

haracteristic. 

196. Speed Control. — The methods of speed control applic- 
ble to the compound motor are those used on the shunt motor, 
t must be evident, however, that the shunt-field rheostat method 

"^^rill not give the same range of speed when used on the compound 

otor as when used on the shunt motor. This is especially true 
f the heavily compounded type. When the compound motor 

used for elevator service, its speed is always controlled by a 
heostat, with a final cutting out or short-circuiting of the series 
eld. 

197. — ^Efficiency of Compound Motors. — The shape of the effi- 
iency curve of a compound motor depends to some extent upon 
he ratio of the shunt-field strength to the series-field strength, 
f the shimt field is much the stronger the efficiency curve will be 
atter over a greater range in load than in the case of the heavily 
ompounded motor. That is, the efficiency curve of the weakly 
ompoimded motor reaches a maximum at a small load and re- 

ains at a maximum for a large overload. 

The efficiencies of compound motors are sUghtly higher than 
he efficiencies of shunt motors of the same capacities. This is 
specially true if the motor is carrying only a fraction of its rated 
oad. 

198. Differential-wound Motor. — In this case, the magneto- 
Xaotive force of the series winding opposes the magnetomotive 
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force of the shunt winding, thus weakening the field with increase 
in load. The object of this is to compensate for the voltage drop 
in the armature and thus to maintain speed constant at all loads. 
These machines will operate satisfactorily if not overloaded, but, 
if an overload occurs, the field flux becomes so much reduced that 
the torque is not sufficient to maintain rotation, hence, the coim- 
ter electromotive force falls to zero and a bum-out of the arma- 
ture results, unless protected by fuses or a circuit-breaker. 

In the cumulative-compound motor the starting torque is 
very great; this is not the case with the differential motor. The 
maximum series current is obtained on starting and on account of 
the high inductance of the shunt winding, the motor may start 
in the wrong direction when the circuit is closed. This is a seri- 
ous objection and the series winding should be automatically 
short-circuited on starting. The simple shunt motor may be 
made to operate approximately Uke a differential motor by either 
of the following methods: by exaggerating the armature reac- 
tions by brush lag, which causes the armature current to oppose 
the magnetizing action of the shunt field; by an excessive number 
of armature turns, which also causes the demagnetizing action 
of the armature current to be excessive; and by a proper use of 
interpoles. 

The ordinary shunt motor has many advantages over the differ- 
ential motor, so the latter is Uttle used. 

199. Interpole or Commutating Pole Motor. — To meet the 
demand for an adjustable-speed motor, there has been developed 
a type of motor akin to the compound motor but having a wider 
range of speed variation. As has been shown, the field winding 
of the compound motor consists of series and shimt windings 
both placed upon the same field cores. The interpole motor, as 
its name indicates, differs from the compound motor in having 
the series coils upon cores midway between the regular poles. 

200. Operating Characteristics of Interpole Motors. — In dis- 
cussing armature reactions, it was pointed out that the field 
flux, in the shunt motor, is more and more distorted as the load 
increases. On account of this distortion, the shimt motor can 
carry only moderate overloads without excessive sparking. 

The function of the interpoles is to provide a commutating 
flux so as to prevent this excessive sparking during overloads, and 
change in field strength. The manner in which this is accom- 
plished is by placing small poles midway between the regular 
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poles, Fig. 181. These interpoles are much thinner than the 
mam poles and are wound with coils connected in series with the 
armature. This winding is connected so that the interpole has 
the same polarity as the main pole immediately back of it with 
reference to the direction of rotation. Thus the armature coil 
first passes under the main pole and then under the interpole of 
like polarity. As the load increases the main field is weakened 
but that due to the interpole increases. As the brushes are placed 
so as to commutate the current in the coita when under the inteiv 
poles, the increase in the field under interpoles provides suffi- 
cient flux to permit commutation without sparking. In some 




<asea the interpole winding is shunted so that only a portion of 
the armature current produces the auxiliary field. When this 
IB done the shunt is adjusted so that the additional field prevents 
Bparking for large overloads, and for lai^e variations in speed. 
Shunting the commutating pole windings on motors is objection- 
&bVe for the same reason as on generators. The operating char- 
acteristics of the interpole motor are to a great extent determined 
by the degree of compensation secured by the interpole wind- 
ing, the magnetic saturation of the interpole, and the position 
of the brushes. 

Wben the commutating pole winding just neutralizes the 
reactance voltage in the coil undergoing commutation, no short- 
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circuited current flows in the coil. If the commutating pole 
winding overcompensates the short-circuited voltage, a current 
flows in the coil in such a direction as to demagnetize the main 
field, and vice versa. 

If the commutating poles are saturated when the motor is 
carrying only a small per cent, of full load, the effect will be the 
same as if it were wound with too few turns, that is, it will be 
undercompensated at full and overloads. 

A shifting of the brushes in either direction will produce a 
cumulative or differential compound effect. If the brushes are 
shifted against the direction of rotation, the counter electromotive 
force is reduced; at constant appUed electromotive force the 
armature current increases, which strengthens the magnetism of 
the interpole and the counter electromotive force is still further 
reduced. This action will continue until the interpole becomes 
saturated when the higher speed, which accompanies the increase 
^^ in armature current, increases the 

counter electromotive force at a higher 
rate than it is reduced by the effect of 
the increase in magnetism of the inter- 
pole. If the inertia of the motor 
armature is great, the speed may in- 
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^^^ y^'^'^ crease to such an extent that the 

mComm, counter electromotive force is momen- 

Pjq ]L82. tarily higher than the applied electro- 

motive force. This will be followed 
by a drop in speed below normal, and the operation of the motor 
will be unstable. If the speed drops too low, the armature 
current may become momentarily excessive and short-circuit 
phenomena may take place. If the brushes are shifted in the 
direction of rotation the result is to increase the counter electro- 
motive force and lower the speed for the same load. 

In order to understand the influence of the degree of compen- 
sation effected by the interpoles and their saturation upon the 
speed characteristic let us consider the action of the short- 
circuited current in the coil undergoing commutation. Fig. 182 
shows the relative position of an armature coil undergoing com- 
mutation with reference to the main pole and conomutating 
poles. If any current, no matter what its source, is flowing in 
this coil its magnetomotive force must either assist or oppose the 
magnetomotive force of the main field winding. When the 
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commutating pole is overcompensated a current flows in such a 
direction as to demagnetize the main field. Slight overcompenBa- 
tion is beneficial in reducing sparking, but excessive overcompen- 
sation, especially on machines working with a weak main field, 
such as adjiKtable-speed shunt motors at higher speeds, has the 
same effect as a differential winding. The effect of overcom- 
pensation on the speed current characteristic is disclosed in curve 
(a). Fig, 183. The speed increases with increase in armature 
ciu-rent until the motor takes about 50 amperes, which is about 
one-half load for this particular motor. Beyond this point the 
speed rapidly decreases or the characteristic is that of an under- 
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compensated motor. This effect is due to the saturation of the 
interpoles. Reducing the ampere-turns on the interpoles, or 
increasing the size of the interpolra, is followed by a more uni- 
form speed as is shown by curve (b). A further reduction of 
ampere-turns, or an increase in the reluctance of the interpole 
magnetic circuit, gives the drooping characteristic shown in 
curve (c). 

When the load is suddenly thrown on an overcompensated 
interpole motor it is hable to hunt, that is, its speed will alter- 
nately increase and decrease. Whether the sudden fluctuations 
will die out in time or whether they will increase in intensity will 
depend upon the conditions of the magnetic and electric circuits, 
inertia of motor armature, and character of load. All motors 
with rising speed-current characteristics are likely to be unstable 
in operation, and for this reason motors whose speed is adjust- 



240 



DIRECT-CURRENT MACHINERY 



able by varying the field excitation should have a drooping speed 
characteristic at high speed between no load and about 50 per 
cent, overload. 

201. Efficiency of Interpole Motors. — The efficiency of the 
interpole motor at full load is of about the same order as that of 
motors of other designs. At low speeds and partial loads its 
efficiency is somewhat higher. This is disclosed by the curves of 
Fig. 184. 
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202. Speed Control of Interpole Motors. — Since the interpoles 
provide a coinmutating field which prevents sparking while the 
main field changes greatly, it is evident that the beat method of 
changing the speed of the interpole motor is by means of a field 
rheostat. For this purpose any suitable rheostat may be used, 
but it has become the practice to provide special rheostats for 
starting and controlling the speed. These rheostats differ from 
the ordinary shunt-motor starting rheostat in that the shiint- 
field resistance is never cut out. When the lever is moved over 
to the running position all of the resistance in series with the 
armature is cut out, but the lever may be moved back, increasing 
the resistance in series with the shunt winding. This weakens 
the main magnetic field and the speed increases accordingly. 

203. Application of Interpole Motors, — The use of interpoles 
has considerably extended the field of the direct-current motor. 
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This extension has taken place mainly along two Unes. In the 
first place, the motor may be used for operating machinery, the 
efficient production of which depends upon the possibility of 
changing speed. In the second place, higher voltages may be 
used with a corresponding saving in Une wire and weight of motor. 
Before the development of the interpole motor the practical 
limit set for railway motors was about 600 volts. The improve- 
ment in commutation secured by the introduction of interpoles 
permits the use of pressures as high as 1,200 volts. This means 
that either the transmission lines may be made smaller, or that 
the range of distribution may be increased. 

204. Motor Controllers. — ^As the service requirements of 
motors are numerous, numerous devices have been designed 
and constructed for starting, stopping, changing the speed, and 
in other ways controlling the motor. Only the simpler apparatus 
and methods employed will be discussed here. A more com- 
plete treatment can be found in technical journals.^ 

205. Starting and Stopping Motors. — Since the current any 
motor will take is mainly determined by the counter electro- 
motive force, and on starting there is no counter electromotive 
force, means must be provided for controUing the starting cur- 
rent. In direct-current machines this is usually done by means 
of a starting rheostat. In large motors it may be done by con- 
troUing or regulating the supply voltage. Fig. 185 is a diagram 
of the wiring of the usual type of a series motor starter with no- 
load release, M, in series with the motor armature. The motor 
is started by first closing the Une switch after which the armature 
circuit is closed by moving the rheostat arm A to the right. 
As soon as this arm makes contact with button 1, the current 
can flow through the armature and series field winding and 
the motor should start. If it does not start, the arm is moved 
over to the second or if necessary to the third button. If the 
motor does not start when the third button is reached, the arm 
should be returned to the starting position, the line switch 
should be opened and an open circuit, overload, or other cause of 
trouble investigated. 

On starting, the armature current is mainly determined by 
the rheostat resistance 72, and the counter electromotive force 
of the motor. If the rheostat arm is moved too slowly this 
resistance may become damaged, but if it is moved too rapidly 

^Electric Journal^ vol. 11, pp. 656 et seq. 
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the motor may not accelerate quickly enough to develop suflScient 
coimter electromotive force to keep the current within the work- 
ing range, and the motor may be damaged. The speed with 
which the arm is to be moved will depend upon the size of the 
motor, and the character of the load. 

When the rheostat arm has been moved to the extreme right 
it is held in place by the electromagnet, M. If the circuit is 
opened at any point, the electromagnet is demagnetized and the 
arm is returned to the starting position by a spiral spring on the 
hub of the arm. 




^^ 






K> 



Fig. 187. 



In the diagram of Fig. 185 the electromagnet is connected in 
series with the armature and accordingly its excitation varies 
with the load. A better way is to connect the no-voltage release, 
as the electromagnet is called, across the Une. A diagram of the 
connections for a rheostat with such a connection is shown in 
Fig. 186. For shunt and compound motors the starters are of 
much the same design. On account of the shunt- field winding 
the connections are slightly different. Fig. 187 shows the con- 
nections for a typical shunt, or compound motor starter. This 
is provided with two electromagnets; one, ikf, in series with the 
shunt-field winding and the other, Sj in series with the armature. 
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The latter ia known as the overload release. In case the arma- 
ture current becomes excessive the electromagiiet S attracts the 
armature K which as it moves upward short-circuits the winding 
of electromagnet M at points c and d. As soon as this occurs 
the rheostat arm is released and returns to the starting position. 
The manipulation of such a starter is exactly the same as of 
that shown in Fig. 184. Sometimes shunt motor starters are 
made with four points of connection instead of three. A con- 
nection diagram of such a starter is shown in Fig. 188. 




Connection Diac|rc 
Fio. 188. 



206. Speed Controllers or Regulators. — The general principles 
of speed control of motors have been given. The resistance speed 
regulator may be described as a starting rheostat with sufficient 
resistance to carry the fuU-Ioad current continuously on any step. 
The speed regulation of shunt-wound and compound-wound 
motors may be effected in two ways: by inserting resistance in 
the armature circuit of the motor; or by inserting resistance in 
the shunt-field circuit. The Umitations of these methods have 
already been pointed out. A diagram of connections for a series 
controller is shown in Fig. 189. The rheostat resistance is in 
series with the motor armature. The no-load release holds the 
arm in any position it may be left by means of a dog which fits 
into the notches corresponding to the contact points on the 
rheostat. This arrangement makes it impossible to stop the 
arm anywhere except on the center of the contact, and whenever 
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the voltage drops below a certain value the regulator arm is 
released and returned to the oflf position. 

A controller employing both armature and shunt resistances is 
shown in Fig. 190. As is evident from the diagram, when the 
rheostat arm is moved to the first contact point, there is no 
resistance in the field circuit other than that of the winding itself. 
The resistance -B, however, is all in series with the armature cir- 
cuit. When the arm is moved to contact point 8 all of this 
resistance is cut out of the armature. A further movement to 
the right of the arm inserts some of the resistance / into the field 
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Fig. 189. 



^-^^oxiit. Speeds below normal are obtained by the motion of 

^^ arm from contact 1 to contact 8, and speeds above normal 

-^^ obtained by moving the arm along the contacts from 1' 

^^ X4. The diagram also shows a no- voltage and overload release. 

ClJonnections for a combination starter and speed regulator 

shown in Fig. 191. In starting, the two arms Ai and A2 are 

^^^Ved together toward the right as in the ordinary or simple 

^^^ii;er. When the arm Ai comes into contact with electromag- 

^^"t M it is held in place, but A 2 can be moved to the left which 

^^^vement inserts the upper resistance into the field circuit. 

"^-h-e field circuit is permanently joined to one end of the field 
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resistor at b. Current entering at this point has two paths: one 
through the field resistor and the arm Ai, and the other through 
the switch a, the armature resistor, and the arm A i. At starting, 
the resistance of the latter path is much smaller than that of the 
former, and at the end it is much greater. When the lever Ai 
is moved to its running position, 
the switch a is opened and the 
field ciurent must pass through 
the field resistor only. To in- 
crease the speed of the motor 
the arm j4s is moved to the left. 
To reverse the direction of 
rotation of a direct-current 
motor it is necessary to reverse 
the connections of either the 
armature or field circuit, but not 
of both. A diagram of connec- 
tions for a regulator designed to 
reverse the armature connec- 
tions is shown in Fig. 192. If 
the lever is moved to the left 
until it makes contact at points 
6, e, and k, the current entering 
at a will pass through the re- 
sistor to b, then through con- 
ducting bar on lever to e, thence 
to/, g, and motor armature to ft. 
From A it passes to K and by 
way of arm to the other side 
of the hne. If the lever is 
moved to the right, the current 
on entering at a passes through 
the resistor to b, then through 
the connector to c where it 
enters the conducting bar on the controller arm. From c it 
goes to i, j, k and enters the armature in the opposite direction 
after which it passes to g, I and by way of lever to 0. As the 
shunt field remains permanently connected to the line the direc- 
tion of rotation is reversed every time the controller arm is moved 
from the left to the right of the vertical position or vice versa. 




OPERATING CHARACTERISTICS OF MOTORS 247 

^re are many other types of controllers, their design depending 
=>n the service to be performed. 



W/vn perrrtamnf resistarmt is used 
in series with shunt fieldconnee,fa- 
per dotted lints • , 




^Sfl. Precautions To Be Observed in Operating Direct-current 
^Motors. — ^As direct-current generators and motors are mechanic- 
ally and electrically alike, it is evident that in their operation 




motors should receive the same care and attention as generators. 
In starting, caution is necessary. If the motor does not start 
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promptly when the rheostat arm has been moved to the third 
contact point, it is Ukely that the field circuit is broken or the 
motor is overloaded. The resistance of a starting rheostat is 
designed to carry the line current for only a short time, during 
starting. The motor should not be permitted to run for any 
length of time unless the rheostat arm is in the running position. 
To stop the motor, the line switch is opened and the rheostat 
arm will set itself automatically at the starting position. 

208. Troubles Peculiar to Motors. — Motors are subject to the 
same troubles as generators, such as sparking at the brushes, over- 
heating, etc. Owing to the manner of operation certain symp- 
toms of faults are pecuUar to motors only. The symptoms of 
most motor troubles other than those that are common to gen- 
erators also may be grouped under the following heads: 

1. Failure to start. 

2. Too low speed. 

3. Too high speed. 

1. Failure to Start. — When a series motor fails to start it is 
either overloaded or the line circuit is broken. An open field 
circuit may be responsible for failure to start of shunt or com- 
pound motors. The speed of the series motor varies so greatly 
with load that too low or too high speed has no significance. It 
is only the shunt or compound motor to which the terms can 
apply. 

2. Too Low or Too High Speed, — This can apply only to motors 
with a shunt winding. 

When the speed of a shunt motor is too low it may be due to an 
overexcitation of the field, but more likely to an overload, or a 
combination of heavy load with underexcited field. Excessive 
speed in a shunt motor is generally due to underexcitation of the 
field or a wrong position of the brushes. Misplaced brushes 
cause a weakening of the field, resulting in high speed and spark- 
ing at the brushes.^ 

^ See "Management of Electrical Machinery" by Crocker and Wheeler; 
"Motor Troubles" by E. B. Raymond. 



CHAPTER XV 

OPERATION OF THREE-WIRE SYSTEMS 

209. Introduction. — Three-wire syBtema were first supplied by 
two like generators connected in series as indicated in Fig. 193. 
Such a connection of generators would operate quite satisfactoriiy 
so long as the load was balanced, but it necessitated the continu- 
ous operation of two machines no matter how small the load. 




On unbalanced load, the voltage between the neutral and outside 
wires differed greatly unless close attention was given to its regu- 
lation. To secure automatic regulation di£Ferent_schemes have 
been employed. 




210. Balance Sets. — The next step in the evolution of the 
three-wire system was the use of a two-wire generator whose 
voltage was equal to that desired across the outside wires. In 
parallel with this generator were connected two similar direct- 
connected machines in series as shown in Fig. 194. The neutral 
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wire was connected to the junction point of the electrical circuits 
of the motor-generator set, as these machines are commonly 
called. The balancer set may be connected in several different 
ways, and the machine may be either shunt or compound-wound. 

211. Operation of Shunt Balancer Set^ — Two similar shunt 
machines each wound for one-half the voltage of the main gen- 
erator may be used to automatically balance the voltage on the 
two sides of a three-wire system. The operation of such a set 
is as follows: 

In Fig. 195 the machine in the more heavily loaded side is 
designated by G, and that in the other side by M. The sigm'fi- 
cance of this designation will presently appear. When the con- 
nections of the shunt field are as indicated in the diagram, the 
excitation of the two machines is the same, and as they run at the 





^^ 




A£. 




c 

Fig. 195. 

same speed, the counter electromotive forces of the two must be 
equal. Due to the unbalanced load, the pressure between A and 
B is less than that between B and C, hence the difference between 
^i and the counter pressure of machine G is less than the differ- 
ence between ^2 and the coimter pressure of machine Af, conse- 
quently, a larger current flows through M than through G. This 
larger current will cause machine M to speed up, increasing the 
counter pressures of both G and 3/. E\ and ^2 are the line 
pressures between .4^ and BC y respectively. 

The unbalancing may be so great as to cause pressure E\ to 
drop below the counter pressure of machine G. Under this con- 
dition the armature current in G will reverse and it will operate 
as a generator boosting the voltage on the more heavily loaded 
side. To understand exactly what takes place let us make the 
following assiuuptions: 



^ Ekctric Ji/urrMl^ vol. 9, p. 1036. 
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Let E = pressure of main generator, 

Eg and Em = counter pressures of machines (? and .U, 

respectively, 
Ra = resistance of each armature, 
Ig and Im be the currents in machines G and ^f nvspoo- 
tively. 
Then E =Eg + En, + (Ig + Im)Ra. 

When the load is balanced Eg = E^ and Ig is identical with /m. 
W^e then have 

E = 2Eg + 2lgRa 

^2{Eg + IgRa) = 2£l 

= 2{Em + ImRa) = 2A\ 

W^hen the load is unbalanced then E\ is no longer (H|ual to li% 
unless the balancer set compensates for the difToronce. Wo may 
s^ssixme two cases. 

C^ctse I, — Slight Unbalancing, — If the unbalancing iH not Hufli- 
ci^xitly great to cause E\ to drop below Eg^ })oth mnchineH will 
opei-^te as motors but with different armature cumin tH. lJnd(?r 
tl^is assumption Ii — I2 + h 

^^^ E2 = £„ + I^Ra 

E2 — El = Em — Eg -\- {1 m — 1 a)lin. 

-^^^ti Em = Eg as the field exrjtalion in the narne, and 

'r*>on E2- El = LJia. 

^^ T^ is small, the unbalancing will not brr gn-at. 

^€xse II. — Load Greatly L'nhalarir/^jJ. r'nd^r tJij^ a«'^u;/if/tj';ri 
^ ^ Ttisiy drop below £% and the curr^'nl in //la^'hin'' G' w)JJ [/<' ;"- 
^'^X'Sed. It will then oj^K-rate a?- a jr^-n^r^jtor hh'I M will oj/"iati; 
^^ a motor. The voltage- nrlation will th<r/i Ur a> fo))ow»: 

and /. = /.- /,. 

Whence ^» - A". = AT, - /;. - IJi.. - />/^, 
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The actual unbalancing is, of course, greater than in case 1, 
because the current in the neutral ia larger. 

Since Ei ia greater than Ei the difference between Et and Ei 
may be reduced still further by connecting the shunt field of G 
across E3 and the shunt-field winding of M across Ei as shown in 
Fig. 196. When such a connection is employed, the field of the 




machine acting as a motor is weakened which raises its speed, 
and the generator field ia strengthened. The voltage regulation 
is thus better than when the connections shown in F^. 195 are 
used. 

212. Compound-wound Balancer Set. — Compoimd balancers 
consist of two similar compound-wound machines rigidly con- 




nected together mechanically, and in series electrically just as 
the shunt-wound balancer set. There are several ways in which 
the shunt and compound windings may be connected to each 
other and the mains. Four different schemes of connection are 
shown in Figs. 197, 198, 199, and 200. 

Under unbalanced load conditions one of the machines opei- 



OPERATION OF THREE-WIRE SYSTEMS 253 

ates as a motor and the other as a generator like the shunt bal- 
ancer set, but their electrical characteristics are somewhat 
different. The machine operating as a motor has the charac- 
teristics of a differential motor while the other has those of a 
cumulative compound generator. That is, the magnetomotive 
force of the series winding opposes that of the shunt winding on 




Fig. 198. 

the motor and assists that on the generator. The result is that 
the counter electromotive force, or induced electromotive force, 
of the motor is reduced or its speed is increased, and the induced 
electromotive force of the generator is increased by an amount 
approximately equal to the laRa drop in the machine. As a 
consequence practically an equal division of the total voltage is 





FiQ. 199. 

maintained between the neutral and the outside wires within the 
normal operating range of the machines. 

When the scheme of connections shown in Fig. 197 is used, on 
balanced load the two machines operate as differential motors 
in series. On unbalanced load, as indicated, the upper machine 
becomes a motor and the lower machine operates as a generator. 
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Since the current in the series winding of the motor is greater 
than that in the series winding of the generator, this decrease in 
the motor field flux will exceed the increase in the field flux of the 
generator. The differential action of the series winding on the 
motor is followed by a rise in speed. If the unbalancing is great, 
the operations of the motor may become unstable. 

When the scheme of connections shown in Fig. 198 is employed 
on balanced load, the two machines operate as shunt motors. 
With the load unbalanced, as indicated, the upper machine be- 
comes a motor and the lower machine becomes a generator. The 
current in the neutral flows through the series windings of both 
machines, accordingly the difference between the decrease in 
the motor flux and the increase in the generator flux will be less 
than when the connections of Fig. 198 are employed. The 
braking action of the generator will be greater also and conse- 
quently there will be a smaller change in the speed of the motor 
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FiG. 200. 



for the same degree of unbalancing. The diagram of connec- 
tion. Fig. 199, shows both series and shunt windings crossed. 
The machines when so connected operate as compound motors on 
balanced load. When operating as a motor generator on un- 
balanced load, the cumulative compounding action of the. gen- 
erator series field is stronger than the differential action of the 
series winding of the motor. This is also true when the scheme 
of connections of Fig. 200 is employed, in which the shunt wind- 
ings are not crossed. There is thus a still smaller change in speed 
for a given degree of unbalancing than when either of the two 
previously mentioned schemes are used. 

When the shunt-field windings are connected to the neutral 
the shunt excitation of either machine may be adjusted independ- 
ently of the other which gives greater flexibility to the system. 
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213. Operatiiig Characteristics of Cony)OUiid Balancer Sets. — 
On account of the service requirements compound-wound dyna- 
mos intended for balancer sets must fulfill certain definite re- 
quirements. In the first place, the two machines must be exactly 
alike, and must be designed for the service, that is, the electric and 
magnetic characteristics of one must be the duplicate of those of 
the other. Since either machine must operate as a motor or gen- 
erator satisfactorily, there must be slight distortion of the field 
flux with load, or service, in order that the brushes may remain 
in fixed positions. As the armature current is larger when the 
machine is operating as a motor, the brushes may be shifted 
slightly backward. Commutating-pole machines are well suited 
for balancer sets. 

274. Stability and Compoundii^.' — Stable operation of com- 
pound-wound balancer sets is obtainable under all reasonable 
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conditions of service if the units of the set are designed for the 
service and if the proper field connections are used. In general, 
the most stable performance results when there is the least dis- 
tortion of the field flux on the machine operating as a motor. 
If this is small, there will be required a small differential action of 
the series winding, and consequently the working range of the 
magnetization curve will likewise be small. The resistance of 
the armature and series windings should be low, and the series 
windings of the two machines should be crossed so that com- 
pounding takes place with a minimum change in speed. With 
shunt fields crossed, the inequalities in voltage on the motor and 
generator side, between no load and full load, are negligible, in 
sets of moderate or large capacity. With shunt fields connected 
straight and their junction point tapped to the neutral, the devia- 
lA. C. Lanier; Electric Journal, vol. 9. 
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tion of voltage from a straight line is usually very slight. A 
typical voltage regulation curve is shown in Fig. 201. 

The usual practice is to wind the balancer sets for flat com- 
pounding, but requirements of service may necessitate over- 
compounding. The degree of overcompounding that may be 
obtained is limited by the requirements of stability on overloads 
which may occur. However, overcompounding of about 5 per 
cent, is obtainable. 

275. Practical Operation. — Balancer sets are put into service 
in exactly the same way as a motor. The shunt fields are con- 
nected in series across the outside wires, with the junction point 
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Fio. 202. 



of the two windings disconnected from the neutral of the set. 
The line switches are closed and the armatures are brought up 
to speed by a suitable rheostat. 

The next step is to connect the junction point of the two shimt 
windings to the junction point of the armature windings and by 
means of the field rheostats, when these are used, the voltage is 
adjusted for no-load balance. The switch connecting the neutral 
wire to the set is then closed and the machines automatically 
divide the load and maintain balanced voltage. 

"Similar compound- wound balancers will operate satisfac- 
torily in parallel, if proper interconnections are provided. When 
the series fields are connected in the neutral circuit, one equalizer 
connection is required between armatures; if the series fields are 

17 
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connected in the circuits of the individual machines, two must 
be used. For proportional division of current on all loads without 
rheostatic adjustment, the two sets must have similar com- 
pounding curves, and equal IR drops in the parallel pairs of 
series fields of the two sets when each field is carrying the current 
required for proper compounding; i.e., the same current as the 
armature in whose circuit it is connected. Any wide departure 
from the proper value of currents in the series coils of the two 
balancer sets will cause objectionable disproportion in divi- 
sion of the load between the two sets with varying values of total 
unbalanced current. In such cases, proportionate division of 
current in the series coils can be secured by connecting, in series 
with the coils of one set Fig. 202, a resistance 2?,x, whose value shall ' 
satisfy the equations: 

ImlRsl = Ifn2{R»2 + Rss) 
and IglRsl = Ig2{Rs2 + R,x) 

where the symbols have the following significance: 
/ml, Im2 = motor currents in sets 1 and 2 respectively, 
Igi, Io2 = generator currents in sets 1 and 2 respectively, 
Rsi, Rs2 = series field resistances of sets 1 and 2, 
and 

Rtx = the auxiliary resistance to be connected in series with 
the series coils of one set. 

276. Protection. — ''The design of a system of protection for 
three-wire circuits and of auxiliary balancing apparatus can 
not follow inflexible rules, each case requiring treatment more or 
less on its merits. In general, two phases of the question must 
be kept distinct, the protection of the three-wire circuit and of 
the receivers connected to it, and the protection of the balancer 
set. Determining factors in the selection of a scheme of protec- 
tion are — sensitiveness to voltage variation of the receivers 
connected to the system, as incandescent lights, motors, etc., 
size of systems and of balancing outfits used, importance of 
uninterrupted service, first cost, etc. 

"Small equipments have been frequently installed without 
automatic cutouts for the balancer, knife switches only being 
provided for disconnecting the set from the system. Where in- 
candescent lamp load is served, reasonable voltage balance is 
maintained up to the flash-over load of the balancer. Should 
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the set be disabled by an excessive short time overload, however, 
both receivers and balancers sufifer. 

''A single-pole circuit-breaker in the neutral lead from the 
balancer, operating an overload trip on the main generator or 
feeder circuit-breaker gives more complete protection for both 
receivers and balancer sets. Some form of differential voltage 
relay may also be used which will trip the main circuit-breaker 
when a predetermined voltage unbalance is exceeded; in this case 
protection for the balancer can be provided independently by the 
use of suitable fuses or circuit-breakers. In general, on motor 
load, the chief attention can be directed to the protection of the 
balancer. 

276A. "Selection of Balancer Equipments. — The full-load rat- 
ing of balancer sets is usually given in terms of unbalanced cur- 
rent supplied to the neutral wire at a specified line and neutral 
voltage. In general, for lighting circuits the balancer may be 
selected to provide for 10 per cent, unbalance. The balancer 
capacity should, however, be determined on the basis of the half- 
voltage load connected between the neutral and the outer wires 
rather than on the main generator capacity, where information is 
available. 

''On large systems where the circuits can be closely balanced 
relatively small balancer capacity is required, while in small iso- 
lated plants the converse is usually true. Other classes of service, 
such as for motor drive, battery charging, etc., frequently occur 
with widely varying degrees of load unbalancing; such applica- 
tions require special analyses, both as to unbalanced capacity 
required and the most desirable type of balancing apparatus." 

277. Three-wire Generators. — The use of three machines re- 
duces to some extent the economy of a three-wire system. The 
many objections that could be raised against the use of a balancer 
set are in a great degree obviated by the development of three- 
wire generators. The difiference between a three-wire direct- 
current generator and a standard two-wire generator consists 
in the addition of a slip ring or rings to the commutator and con- 
necting these slip rings to symmetrically located points of 'the 
armature windings, and replacing the balancer set by a balancing 
coil or coils. 

While the foregoing general statement appUes in all cases the 
exact manner in which it is carried out in practice differs some- 
what with different manufacturers. The principle in its simplest 
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form is illustrated in Fig. 203. This shows a two-pole ring arma- 
ture machine. Two slip rings M and N connected to two dia- 
metrically opposite points of the armature winding are mounted 
on the shaft. Brushes resting on these rings are connected to a 
coil BA the middle point of which is connected to the neutral 
wire. It has been shown that the electromotive force induced 
in the armature of a direct-current generator is alternating, but 
is rectified by the commutator. When the armature is connected 
to slip rings as shown in the diagram alternating current will flow 
in the coil BA and the potential of the middle point is always 
midway between the potentials of the points B and A, and hence 
midway between the potentials of brushes E and F as the poten- 




ss 



Fig. 203. 



tials of C and D are always symmetrical with reference to the 
potential of the brushes E and F. The alternating current 
through the coil BA is very slight as the coil is wound upon an 
iron core and is thus highly inductive. 

When the load is unbalanced, as indicated in the diagram, the 
current in the neutral will tend to divide at the point inversely 
as the resistance of the two paths, OANDE and OBMCE, from 
to the positive brush. The relative resistance of these two 
paths will depend upon the position of the armature at any in- 
stant as the armature rotates. This would produce a pulsating 
current in the leads BM and AN. This tendency of the current 
to divide at the point in the manner suggested is prevented by 
the transformer action of the })alance coil. When the current 
in OA increases, the flux in the iron core of the coil is increased, 
and this in turn induces an electromotive force in OB in such a 
direction as to increase the current in OB and decrease that in 
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OA. This action allows a slight pulsating current to flow in OS 
and OA, but this is so slight as to be negUgible. The neutral 
current, therefore, divides almost equally between OA and OB 
no matter what the position of the armature. If A^ is the re- 
sistance of the armature between the brushes and if iib is the 
resistance of the balance coil and one lead from C to 0, and from 
DtoO respectively, the voltage drop from to C is &-„ ■ It can 
be shown that the average voltage drop in the armature from C 
' ■'' — -■ The total voltage drop 

from to £: is ^'0(^3- + Rt) volts. 

Balance coils are designed to cany a neutral current whose 
value is not over 25 per cent, of the full-load current in the out- 




side wire. As the full-load armature drop is usually limited to 
about 3 per cent., it follows that the voltage drop from to E 
due to the unbalanced current is small, and that the difference 
between the voltages on the two sides of a three-wire generator 
depends principally upon the resistance of the balance coils and 
leads which evidently should be low. This difference in voltage 
need not exceed 2 per cent. 

In the diagram of Fig. 203, only one balance coil is shown. 
This represents the practice of the Ridgway Dynamo and Engine 
Co. The Westinghouse Electric and Manufacturing Company 
employs two balance coils connected as shown in Fig. 204. This 
arrangement has the advantage that the distribution of the cur- 
rents in the armature on unbalanced load, and the consequent 
heating, is more uniformly distributed than with only one coU. 
The principle of operation is the same in either case. 

The balance coils are wound upon a laminated iron core and 
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placed in an iron case similar to a transformer case, Fig. 205. 
These may then be mounted on the back of the switchboard or 
some suitable place in the station room. 




The practice of the General Electric Company differs trom 
I that described above in that only one collector ring is used for 
I obtaining the neutral connection. The balance, or compensator, 
t- coils are wound upon a circular magnetic core which is then 
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mounted on a cast bracket which is bolted securely to the back 
end of the armature spider, Fig. 206. 

The compensator windings are connected to the armature 
windings at symmetrically located points, and the neutral con- 
nection is made through the spider to a single collector ring 
mounted on the outer end of the commutator shell. The prin- 
ciple of operation is the same as that of the external compensator. 

278. Auxiliaiy Armature Windings. — A somewhat different 
scheme of securing balanced voltage is that employed by the 
Crocker- Wheeler Company. The essential elements of this 
scheme are shown in Fig. 207. As here shown an auxiliary wind- 




ing is placed on the armature, one end of this is connected to the 
main armature winding and the other to a slip ring, with which 
a brush makes contact. The auxiliary winding contains one-half 
the number of turns of the main winding in series between each 
positive and negative brush. 

The voltage between the slip ring and either generator brush 
will be just one-half the generator voltage. When the auxiliary 
winding is in the position shown all of this voltage is generated 
in the auxiliary winding. At any other position of the armature 
the voltage between the neutral and either outside wire will be 
due to that induced in the auxiliary winding plus that induced 
in the armature coils which are between the connection of the 
two coils and either brush, so that at any posttjon of the arma- 
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tiire the potential of the slip-rinR brush is midway between the 
potentials of the commutator brushes. 




The single-phase winding, as that ahown in the diagram ia 
called, haa not proved entirely satisfactory in practice on account 




of fluctuating voltage induced in it which caused flickering. To ^ 
remedy this difficulty a winding distributed over the armature i 
core is used, This is shown iu Fig. 308. This winding usually 
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consists of three or more coils Bymmetrically spaced and con- 
nected to the main winding and slip ring. 

A Crocker- Wheeler three-wire generator armature is shown | 
Fig. 209. A complete generator is shown in Fig. 210. 





279. Three-wire Generators in Parallel. — Three-wire gen- 
erators may be operated in parallel with each other and also in 
parallel with two-wire machines. It is unnecessary to synchro- 
nize or to connect in parallel the alternating-current sides of_the 
arniaturea. The important condition to be fulfilled in operating 
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any combination of two-wire and three-wire generators in parallel 
is that the machines be of the proper voltage, and that suitable 
equalizer connections be made. 

The switchboard connections for operating two three-wire 
generators in parallel together with all necessary instrmnents 
are shown in Mg. 211. 

Three-wire generators may be compound-wound, or they may 
be built with commutating poles. When either of the above- 
mentioned windings is employed, it is divided into two equal 
sections; one section is connected in series with each of the out- 
side wires. That is, all of the series winding on the north poles 
is connected in series with the positive brush and all of the series 
winding on the south poles in series with the negative brush. 
When commutating poles are used the winding is grouped in the 
same way. 
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CHAPTER XVI 

SELECTION AND INSTALLATION OF DYNAMOS 

280. Principles Governing the Selection of a Dynamo. — In 

selecting a dynamo, the particular type, capacity, and voltage 
of a machine will depend upon the character of the work it is 
to do. Each and every case must be separately considered. 
There are, however, some general considerations that hold in 
every case, and apply to motors and generators aUke. Among 
these may be mentioned the following. 

281. Construction. — The construction of a machine should be 
in accordance with approved standards. The material should 
be of the best for that type and class of machine and the work- 
manship first-class in every respect. The finish should be durable 
and pleasing in appearance. It should also be of such a nature 
as to harmonize with other machinery or equipment in the room. 
The construction should be as simple as possible in all its parts. 
No complicated features unless absolutely essential should be 
tolerated. The number of screws, bolts, and nuts should be 
reduced to a minimum, and they ought always to be provided 
with some locking device to prevent them from becoming 
loose. The brushes should be accessible, easily cleaned, and self- 
feeding; the bearings should be self-aligning and self-oiling. 
Every feature of the machine that will reduce the amount of 
attention to a minimum should be carefully considered, and that 
machine chosen which will require the least attention. 

Several companies now make what are known as standard 
types of machines and in most cases it will be preferable to 
select a machine of this type. By so doing repair parts can 
readily be obtained and the machine will be cheaper than one 
of special design. Where close regulation is necessary, some auto- 
matic regulator should be provided. What form the regulator 
should take will depend upon the work. In many cases the 
voltage regulation will be the important feature to consider; 
while in other cases the current, or in case of motors, the speed is 
the important factor. The capacity in every case should be 
ample for the work to be done. 

266 
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282. Standards for Direct-current Machines. — To insure uni- 
form results in operation with reference to limitations of output 
as dictated by (a) operating temperature, (b) mechanical strength, 
(c) commutation, (d) insulation strength, (e) efficiency, and (/) 
regulation, the American Institute of Electrical Engineers has 
adopted and promulgated a set of Standardization Rules^ 
with which the manufacturers of standard electrical apparatus are 
expected to comply. One of the rules provides that all machines 
be rated, that is, that the output or load which the machine is 
capable of developing or carrying under certain specified condi- 
tions be marked on the rating plate. There are in practice three 
methods of rating electrical machinery: the continuous, the short- 
time, and the nominal. 

The continuous rating of a machine is the output expressed in 
kilowatts or horsepower which the machine will deliver continu- 
ously without exceeding the limitations of temperature, etc., 
mentioned above. The continuous rating indicates the load 
which the machine will cg^rry continuously without any reserve 
overload capacity. 

The short-time rating is applied only to machines which are to 
be operated intermittently, or only for short periods of time. A 
machine rated for short time service shall be able to operate at 
its rated output during a limited period to be specified in each 
case, without exceeding any of the limitations referred to above. 

Railway motors and sometimes railway substation apparatus 
which may be called upon to carry overloads for short intervals 
are sometimes given a nominal rating. The nominal rating 
specifies the load which the machine will carry continuously and 
still have certain reserve overload capacity for a specified time. 
The present tendency is to rate all electrical machinery on the 
continuous carrying capacity basis. 

283. Foundation. — In order that a machine may operate 
satisfactorily, great care must be exercised in the construction 
of the foundation. Each machine should have its own founda- 
tion in order that the vibration of one machine may not be trans- 
mitted to any other. The foundation for the machine should 
be entirely separate from that of the walls and other parts of 
the building. 

The transmission of vibrations from one machine to another, or 
from one building to another, is determined to a great extent by 
^ These rules can be obtained from the Secretary of the Institute. 
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the character of the ground upon which the foundation rests. 
Sand or soft earth transmits them poorly; firm earthfi transmit 
them quite well, while rock almost perfectly. In cases where 
the transmission is to be obviated, various materials have been 
used to deaden them, such as sand, wood, hair-felt, mineral wool, 
and asphalt concrete. In rock or firm earth one plan is to exca- 
vate a pit 3 or 3 feet deeper and 2 or 3 feet wider on all sides than 
the foundation proper. A bed of sand of some thickness is 
then put into the pit and the foundations are built upon this, the 




space around being filled with sand. When the foundation is to 
be constructed on solid rock, where there is danger of vibration 
transmission, the rock may be excavated several feet deeper than 
the foundation, and filled in with hair-felt or mineral wool upon 
which the foundation is built. Another solution of the problem 
is to use bituminous or asphalt concrete for the lower foot or 
two of the foundation, the remainder being ordinary concrete 
or brickwork, with a stone cap. 

The machine foundation proper consists of a mass of brickwork. 
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stone masonry, or concrete upon which the machinery is placed. 
For the purpose of holding the machinery firmly in place, founda- 
tion bolts are built into the foundation passing entirely through 
the mass. The correct position for the foundation bolts is de- 
termined by means of a wooden template as shown in Fig. 212. 
The brickwork for machinery foundations should consist of hard- 
burned bricks of good quaUty, laid in good cement mortar. The 
top of the foundation should be perfectly level, or conform to the 
bedplate of the machine. If this is not so, the bedplate may 
spring and throw the bearings out of Une, or otherwise interfere 
with the operation of the machine. 

284. Mechanical Connections. — There are various methods 
used in connecting a generator with its engine or other prime 
mover. Among the most common methods are the following: 

(o) Direct connection. 

(6) Belting and rope connection. 

(c) Chain connection. 

(d) Toothed gearing. 

(o) Direct Connection, — A generator is said to be direct-con- 
nected when its armature is mounted upon the driving shaft of 
its engine. When so connected both engine and generator should 
be mounted upon the same bedplate, if the size permits. In 
selecting a generator to be driven by an engine or some other 
prime mover, two things must be carefully considered; the speed 
and capacity of the generator and the speed and capacity of the 
prime mover. In case the generator is to be ''direct-connected'' 
to its engine they will both be compelled to run at the same speed. 
Since the most eflScient peripheral speed of a generator armature 
is high, and the speed of a reciprocating engine is low, some diffi- 
culty is experienced in obtaining the desired speed for the two 
machines. The capacity of a given-sized dynamo depends upon 
the speed at which it is to be driven. Thus a generator to be 
direct-connected to a slow-speed engine will have to be larger for 
the same output than if it is to be belt-driven at a high speed. 
It is of prime importance in making comparison of prices on gen- 
erators or motors of given rated output to consider the speeds at 
which the machines are to be driven. 

The direct connection being the simplest, other things being 
equal, it is to be preferred. 

When the prime mover is of the high-speed type, as the steam 
turbine, direct connection is preferable to any other form. In 
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this case, when properly designed, the engine and generator can 
be operated at their most efficient speed. 

(6) Belt Connection, — When the generator or motor is not di- 
rect-connected, some form of "belt drive'' is usually used. While 
the principles of belt drive are quite well understood a few of the 
main principles will, however, be given. Leather belting is usu- 
ally the most reUable and satisfactory for general use, except in 
cases where the generator pulley is near the driving pulley, where 
some form of chain drive is preferable. 

The ordinary rule for the amount of power that can be trans- 
mitted by a belt is as follows: A single thickness belt will trans- 
mit 1 horsepower for each inch of its width when travelling at a 
speed of 1,000 feet per minute. This statement is based on the 
assumption that the belt is in contact with its transmitting pulley 
around one-half of its circumference. To secure an arc of con- 
tact as great as possible, it is advisable to have the belt run over, 
that is, to have the loose side of the belt on top, and the machines 
and engine relatively far apart. 

Any formula for determining the width of a belt for transmitt- 
ing a given horsepower is at best only approximate. The follow- 
ing is usually given for a single-thickness belt: 

Hp, X 1 ,000 



w = 



SXC 



where w is the width of the belt in inches; Hp, is the horsepower 
to be transmitted; S is the speed of the belt in feet per minute; 
and C is a factor depending upon the arc of contact. For an arc 
of 180^ C = 1; for 135^ C = 0.84; and for 90^ C = only 0.64. 
Double belting will transmit 1.5 times as much as single belting. 
A belt should not be operated at too high a tension for this causes 
excessive bearing friction, stretches the belt unnecessarily, and 
may break the pulley. 

Length of Belt. — The best and most accurate method of deter- 
mining the length of belt for a given installation is by actual meas- 
urement. When this is impossible, a drawing of the installation 
may be made as shown in Fig. 213 and the length of belt calcu- 
lated as follows: 

Let and 0' be the centers of the driving and driven pulleys. 

Let R = radius of larger pulley. 

Let r = radius of smaller pulley. 

Let d = distance between their centers. 
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Then sin a = 



R - r 



The length of belt between ab and cd is 2d cos a. The length 
of belt for one-half the circumference of the larger pulley is wR. 

The angle eoa = cof = angle a. 
Arc ea = Rai{a is expressed in radians. If a is expressed in de- 
grees, then 

arc ea = 0.0174572a. 

The length of belt in contact with large pulley is, therefore, 

tR + 2X 0.01745J?a = R(t + 0.0349a). 



ea 




Fig. 213. 



Similarly, the length of belt in contact with the small pulley is 



The required length is 



r(x - 0.0349a). 



L = R{t + 0.0349a) + r(7r - 0.0349a) + 2d cos a. 

It is thus only necessary to measure accurately the distance d. 
For crossed belts by a similar method of reasoning we get 

L = {R + r)(w + 0.0349/3) + 2d cos 
where fi is determined by the relation 

R + r 



Sin^ = 



d 



Results that are accurate enough for practical purposes may be 
obtained by the application of the following formula : 

L = iriR + r) + 2\ /d^+~( R - rY for straight belts, and 
L = 7r(K + r) + 2y/d^ + (K Hh'rp for crossed belts. 
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Example 

A generator is to be driven by an engine with a driving pulley 5 feet in 
diameter; if the generator pulley is 18 inches in diameter and the distance 
between the center of the two pulleys is 25 feet, what length of belt is 
required? 

SoluLion. — Using the more accurate formula we have 

L = 22(t + 0.0349a) + r(T ^ 0.0349a) + 2d cos a. 
But iJ = 30 inches 

r = 9 inches 
d = 300 inches. 

Hence sina = ~ ono " ~ ^•^'^ 
and a = 4° 

Then L = 30(3.1416 + 0.0349 X 4) + 9(3.1416 - 0.0349 X 4) 

+ 2 X 300 cos 4°. 

= 724 inches 

= 60 feet 4 inches for a straight belt. 

For crossed belts the length is given by 

L = (30 + 9) (t + 0.0349 X /3) + 2 d cos /3. 

and /3 = 7.4°. 

Then L = 39(3.1416 + 0.0349 X 7.4°) 

= 727.56 inches 

= 60 feet 7.6 inches. 

If the less accurate formulas are used we have for open belts 

L = ir(39) + 2 X \/300M-"2i« 
= 723.9 or 724 inches as before. 

For crossed belts the formula 

L = ir(i2 + r) + 2Vd^+ (jg -j- rY gives 
L = 3.1416 X 39 + 2V3()02 + 39^ 
= 727.5 inches. 

When the distance between centers of the two pulleys is large in comparison 
with the diameters of the pulleys the two sets of formulas give practically 
the same results. 

Rope Connection, — Rope drive possesses certain advantages 
over the ordinary belting in that it is cheaper; a large amount of 
power can be transmitted^ with a given width of pulley; it is 
almost noiseless; it can be used for transmitting power over com- 
paratively long distances; and also in cases where the power is 
to be transmitted at an angle, especially in a vertical direction. 
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The ropes may be made of cotton, or hemp. The manila hemp 
is the most widely used for transmission work. 

The Multiple-rope and Contimums-rope System, — The multiple- 
rope system employs a nmnber of single ropes running side by 
side. The advantages are: It can not be disabled by the break- 
age of one or two of the ropes; it takes up Uttle space; and spare 
rope costs but little. The disadvantages are: The unequal ten- 
sion in the ropes, and the difficulties of installation, because the 
ropes have to be spUced in place or the sheaves removed from 
the bearings. By using coupUngs instead of spUcing the rope, 
these objections are nearly overcome. The coupling permits 
the installation of a rope in a brief time, and when the rope 
stretches it can be uncoupled and the slack taken up by twisting 
the rope until the proper tension is obtained on recoupling. 

The continuous-rope system employs only one continuous rope 
which is wrapped around the sheaves the proper nmnber of times, 
and then carried from the last groove of the driving sheave around 
a tension pulley to the first groove of the driven sheave or by a 
modification of this method. The advantages are: It is easily 
installed, there being but one splice; imiformity of tension in all 
strands or sections of the rope; and great flexibiUty. The dis- 
advantages are: Complete shutdown when the rope breaks; the 
great cost of spare ropes; and the large space taken up by tension 
carriage. 

The breaking strength of rope varies from 7,000 to 12,000 
pounds per square inch of cross-sectional area. Experience has 
shown that best results are obtained when the tension in the taut 
or driving side is only 3 to 4 per cent, of the tensile strength. 
The most economical speed is from 4,000 to 5,000 feet per minute. 
At greater speeds than this the wear on the rope is excessive. The 
horsepower that a single manila hemp rope will transmit at dif- 
ferent speeds may be calculated from the following equation: 

H^ -^ It- ^^-\ ^ 

^^- "" 3 \ 32 /550 

where T — tension on driving side 

= 200 diameter squared 
= 200 D2, 
W = weight of rope per foot, 
and V = speed in feet per second. 

When transformed, the above formula may also be used for 
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calculating the diameter of a single rope required to transmit a 
given horsepower. By substituting 200D* and 0.34D* for T and 
W respectively, we get 

which when reduced gives 

j^ ^ \/77, 700 x"Hp. 

Va8,820 - V2)V 

Example 

What is the diameter of a rope required to transmit 42.5 horsepower if the 
rope is to move at a speed of 3,000 feet per minute? 
SoltUion. — 



D = yj- 



77,700 X Hp. 



(18,820 - V^)V 
V = 3,000 ^ 60 = 50 feet per second. 
Hp. = 42.5. 



Then 



D = \j 



77,700 X 42.5 



(18,820 - 2,500)50 

= V^L04 
= 2 inches. 



At best, formulas can give only approximate results as the conditions of 
operation are not always the same. 

(c) Chain Connection. — Where the distance between the driving 
and driven machines is too short for belt drive and too far for 
gear connection some form of chain drive may be used. There 
are at the present three principal kinds of chains used; the roller 
chain, the block chain, and some form of the so-called silent chain. 
The efficiency of these chains is quite high and they are particu- 
larly useful where a positive connection is desirable, as between 
motors and heavy machine tools which they drive. This form of 
transmission requires no definite tension on the slack side of the 
chain, and hence the pressure on the bearings is much reduced for 
a given effective torque. 

(d) Toothed Gearing. — This method is very Uttle used for driv- 
ing generators. It is, however, used almost exclusively for the 
connection of railway motors, and so will not be discussed here. 

285. Switchboards. — Only the merest suggestions concerning 
switchboards and their equipment can be given. The design of 
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switchboards has become to a great extent standardized and 
manufacturers will furnish suitable designs for any practicable 
combination of machines. There are, however, certain essential 
instruments and elements in the equipment and design of every 
switchboard. The essential equipment may be grouped under 
the following heads : 

(a) Controlling, 

(b) Measuring.' 

(c) Protective, 

(d) Switching or distributing. 

The design of the switchboard consists in arranging and grouping 
this equipment in a convenient and harmonious manner. The 
switchboard should not only contain the necessary equipment 




but it should be arranged in a balanced and pleasing manner 
and with reference to accessibility. 

Fig. 214 shows the standard connections for a small direct- 
current equipment comprising two compound-wound generators 
and a balancer set for three-wire circuits. 

(a) Controlling Apparatus. — For the installation shown in the 
diagram the controlling equipment is quite simple and consists 
merely of one field rheostat in the shunt circuit of each machine. 
For ordinary conditions the rheostat resistance is made equal to 
the shunt winding of the machine. For exceptional conditions 
requiring more than ordinary voltage range the rheostat resist- 
ance is made larger. Rheostats having a resistance two to four 
times that of the shunt- field winding are especially adapted for 
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use with some forms of automatic voltage regulators. In order 
to get small voltage variation between rheostat steps, the rheostat 
of lowest allowable resistance should be used, and it should be 
divided into as many sections as possible consistent with good 
design. The niunber of sections will vary with the size of the 
rheostat, the range being from 26 to 80. The rheostat must be 
able to dissipate 25 per cent, or more of the field loss continuously 
without overheating. 

(6) Protective Apparatus. — For protective pm*poses one circuit- 
breaker is inserted in the negative lead of each generator. The 
capacity of this circuit-breaker must be equal to that of the 
generator. All of the current-carrying parts must have a rated 
capacity equal to the normal capacity of the circuit and must also 
have a suitable overload capacity. 

There are connected in series with the busbars several incan- 
descent lamps. Their niunber is such that imder normal con- 
ditions half their rated pressm*e is appUed to them, causing very 
Uttle glow. The middle point of the series is connected to the 
ground. If either side of the line becomes groimded, the lamps 
on that side are short-circuited and full voltage causes the others 
to bum brightly, thus automatically indicating a ground. By 
opening the different circuits in turn and noting when the ground 
disappears, the faulty circuit can readily be located. 

(c) Measuring Equipment. — For measuring the output of each 
generator an ammeter is also connected to the negative lead of 
each machine. 

Two voltmeters are also necessary to complete the equipment. 
One is connected permanently to the busbars, while the other is 
connected to the voltmeter bus from the plug receptacles. The 
voltmeters are caUbrated up to 25 or 50 per cent, in excess of 
the normal voltage. 

{d) Switching Apparatus. — The diagram shows three single- 
pole, single-throw switches in the circuits of each generator. 
These may be replaced by one single-pole and one double-pole 
or one three-pole switch. Two-pole switches are seldom used in 
circuits designed to carry 2,000 or more amperes and the use of 
three-pole switches is Umited to circuits of 1,600 amperes or less 
on account of the difficulty in operating them. The switch in the 
equaUzer circuit is usually of the same capacity as the switches 
in the main circuits, but may be smaller, about one-half the 
capacity of the others. 
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The feeder circuits may be equipped in various ways. Double- 
pole switches are used in circuits of 2,000 amperes or less. If 
the load current is less than 600 amperes, enclosed fuses are used 
for overload protection. With circuits of greater capacity than 
600 amperes or in which heavy momentary overloads are likely 
to occur, circuit-breakers are used. 
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